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Kurzzusammenfassung
In dieser Arbeit werden die grundlegenden Wachstumsprozesse von Ga2O3, mittels Transmis-
sionselektronenmikroskopie analysiert. Dazu gehört die Untersuchung des heteroepitaktischen
Wachstums von Galliumoxidschichten welche mittels Molekularstrahlepitaxie (molekular beam
epitaxy MBE), der gepulsten Laser Abscheidung (pulsed laser deposition (PLD)) und der me-
tallorganischen Gasphasenepitaxie (metalorganic vapor phase epitaxy (MOVPE)) auf (0001)
orientierte Saphir Substraten abgeschieden wurden. Weiterhin, im Fokus der Arbeit stehend,
wird das homoepitaktische Wachstum von Galliumoxid auf (100) orientierten Galliumoxidsub-
straten untersucht. Neben den Besonderheiten des Schichtwachstums, die sich aus den einge-
setzten metallorganischen Präkursoren und Sauerstoffquellen ergeben, wird die Schichtstruktur
in Abhängigkeit der typischen Wachstumsparameter (Wachstumstemperatur, Wachstumsrate,
Kammerdruck und Fehlorientierung des Substrates) analysiert. Dabei erzielten wir die folgenden
wesentlichen Ergebnisse:

(i) Heteroepitaktisches Wachstum von Ga2O3 auf Saphir (0001) erfolgt bis zu einer Dicke
von 3 Monolagen pseudomorph als α-Ga2O3. Oberhalb dieser Schicht wächst relaxiertes β-
Ga2O3 in Form von 3 Rotationsdomänen auf. Die Stabilisation der dünnen α-Ga2O3 Schicht
wird, durch die Gitterfehlpassung zwischen Galliumoxid und dem Saphire Substrat induzierte
Gitterverspannung bewirkt.

(ii) Beim homoepitaktischen Wachstum auf (100) orientiertem β-Ga2O3 mittels MOVPE
wird die kristalline Perfektion der gewachsenen Schichten stark von den verwendeten Präkur-
soren (Trimethylgallium (TMGa) und Triethylgallium (TEGa) als metallorganische Ausgangs-
stoffe und H2O oder purer Sauerstoff als Oxidant) und den chemischen Prozessen an der Ober-
fläche bestimmt. Während beim Wachstum mittels TMGa und O2 vorwiegend polykristalline
Schichten entstehen, ergeben sich beim Wachstum mittels TMGa und H2O sowie TEGa und
O2 geschlossenen epitaktische Schichten. Dieser signifikante Unterschiede lässt sich durch die
unterschiedlichen Reaktionswege der Ausgangsstoffe sowie durch die katalytische Wirkung der
(100) Flächen des β-Ga2O3 erklären.

(iii) Die Perfektion, mittels MOVPE gewachsener, homoepitaktischer Schichten, auf (100)
orientierten Substraten, ist stark von der Fehlorientierung des Substrates bestimmt. Schichten
die auf Substraten mit geringen Fehlorientierungen abgeschieden werden (< 2° bei Wachs-
tumstemperaturen < 850°C) sind durch eine hohe Dichte an Zwillingslamellen gekennzeichnet.
Die Entstehung der Zwillingslamellen ist ein Resultat eines Doppelpositionierungsprozesses der
Atome auf der Oberfläche der Wachstumsebene. Durch die Einführung von vorbestimmten
Fehlorientierungswinkeln der Substrate ist es möglich das Entstehen der Zwillingslamellen zu
verhindern, und ein Stufenflusswachstum zu generieren. Durch die Anwendung eines Raten-
gleichungsansatzes, welcher die konkurrierenden Prozesse des Einbaus von Atomen in Oberflä-
chenstufen sowie der Nukleation und des Wachstum von zweidimensionalen Inseln beschreibt,
ist es möglich die experimentell beobachteten Dichten an Zwillingslamellen zu erklären und
einen Diffusionskoeffizienten zu bestimmen, Dieser ist um zwei Größenordnungen geringer als
bei klassischen Halbleitern, wie z. B. GaAs.

(iv) Im Falle des Wachstums des Mischsystems (InxGa1−x)2O3 führt Indium, welches als
metallischer Film die Oberfläche bedeckt, zu einer erhöhten Oberflächendiffusion und damit zu
einer Verringerung der Dichte an Zwillingslamellen bei gegebener Fehlorientierung. Thermody-
namische Simulationen ermöglichen es Parameter für die Wachstumstemperatur und den Kam-
merdruck, bei denen sich der metallische Film auf der Oberfläche stabilisieren lässt, zu erhalten.
Durch die Anwendung des Ratengleichungsansatzes kann die Auswirkung dieser grenzflächen-
aktiven Substanz auf die Energiebarriere der Diffusion bestimmt werden.
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Abstract
In this work we study the basic growth processes of epitaxial Ga2O3 films, by means of trans-
mission electron microscopy. We investigate the heteroepitaxial growth of thin layers of Ga2O3
on the (0001) plane of sapphire grown by molecular beam epitaxy (MBE), pulsed laser deposi-
tion (PLD) and metal organic vapor phase epitaxy (MOVPE). Furthermore, we will focus on
the homoepitaxial growth on the (100) plane by MOVPE. Beside the peculiarities of the layer
growth dependence on different metal organic precursors and oxygen sources, we investigate
the influence of typical growth parameters (i.e. growth temperature, growth-rate, chamber
pressure and miscut angle of the substrate) on the layer morphology. Our investigations yield
the following main results:

(i) Heteroepitaxial growth of β-Ga2O3 on (0001) plane of sapphire leads, independent of the
growth method, to the formation of a 3 monolayer thick α-Ga2O3 layer, which is stabilized
through strain, as a result of the lattice mismatch between sapphire and α-Ga2O3. Above the
critical thickness of three monolayers, growth proceeds as relaxed textured β-Ga2O3, formed
by rotational domains.

(ii) In case of homoepitaxial growth by MOVPE on (100) oriented β-Ga2O3, the crystalline
quality of the grown layer strongly depends on the used precursor (tri-methyl-gallium (TMGa)
or tri-ethyl-gallium (TEGa) as metal precursor and H2O or pure oxygen as oxidant) and the
chemical processes on the surface, respectively. While growth with TMGa and O2 results mainly
in poly-crystalline layers, growth with TMGa and H2O or TEGa and O2, results in closed
epitaxial layers. This significant difference can be explained by different chemical reaction
pathways of the precursors and the catalytic properties of the (100) plane of β-Ga2O.

(iii) The crystalline perfection of homoepitaxial layers grown by MOVPE on (100) oriented
β-Ga2O3 substrates depends strongly on the miscut-angle of the substrates. Layer grown on
substrate with a small miscut-angle (< 2° at a growth temperature < 850°C) show high amount
of twin lamella. These twin lamella are a result of a possible double positioning mechanism
of ad-atoms on the growth surface. By introducing appropriate miscut-angles of the substrate
it is possible to suppress the formation of these twin lamellae, and enable step flow growth.
By applying a rate equation approach, describing the competing processes of incorporation of
ad-atoms at kink sites or nucleation and growth of two dimensional island, it is possible to
quantitatively reproduce the experimentally observed twin lamella densities and to determine
a surface diffusion coefficient of the ad-atoms, which is 2 orders of magnitude lower (at 850°C)
as in conventional semiconductors like GaAs.

(iv) In case of (InxGa1−x)2O3 growth, indium, which is covering the growth surfaces as a
metallic layer, increases the surface diffusion of ad-atoms and thus improves the layer quality
by reducing the amount of twin lamellae in the layer. Through thermodynamic calculations, it
is possible to obtain growth parameters (chamber pressure and growth temperature), at which
the metallic indium layer is stabilized. By means of a rate equation approach it is possible to
describe quantitatively the influence of the indium surfactant on the diffusion activation barrier.
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1. Introduction
Ga2O3 has recently gained renewed scientific interest, as a wide bandgap ox-
ide semiconductor, for future power electronic and optoelectronic applications.
Among the four experimentally confirmed polymorphs (α, β, γ, ε/κ1) [1][2][3],
β-Ga2O3 is the thermodynamic most stable structure. It is monoclinic and has
two distinct cleavage plane, namely the {100} plane and the {001}. With a wide
bandgap of Eg = 4.7 eV [4] it exhibits transparency up to the deep ultraviolet in
the optical spectrum. By doping with donor impurities (e.g: Si, Sn) free carrier
density in the range 1013 − 1020 cm−3 [5] have been achieved. p-type conducti-
vity is hampered by a small dispersion of the top of the valence band, reducing
the hole-mobility to values of µ ≈ 10−6 cm2V −1s−1[6], and a very low formation
energy of self-trapped holes forming polarons [6]. While β-Ga2O3 has originally
been developed as a transparent conductive substrate for heteroepitaxial growth
of GaN layers (the lattice mismatch between β-Ga2O3 and GaN is as low as
2.8% [7]) for applications as efficient high-brightness vertically-structured LEDs
[8],today research focuses on homoepitaxial β-Ga2O3 layers for applications such
as solar blind UV photo detectors [9], high power devices [10],[11] and even radio-
frequency (RF) devices [12]. With a predicted electrical break down field of about
8 MV/cm[13], it is a excellent candidate for next generation high power devices,
outperforming even SiC and GaN, which currently represent the most promising
materials to surpass the physical limits of Si for power switching applications.
Despite the low electron mobility of µ ≈ 200 cm2V −1s−1 the high electrical bre-
akdown strength allows to construct smaller drain gate distances and thus allows
for reducing the size of high power devices. The growth of heteroepitaxial thin
films of β-Ga2O3, has been reported on various substrates ( e.g. α-Al2O3, MgO
[14], Si [15], SiO [16], GaAs [17], TiO2and Y:ZrO2) and by various methods (e.g.
molecular-beam epitaxy [14], pulsed laser deposition [16], halide vapor phase epi-
taxy [18], and metal-organic chemical vapor phase epitaxy [19]). In all reports the
heteroepitaxial deposition process resulted either in amorphous or polycrystalline
layers with a very high density of extended defects due to differences in lattice
symmetry and the large lattice mismatch between layer and substrates.

In contrast to other wide band gap semiconductors in the field (e.g. SiC and
GaN) , β-Ga2O3 has the advantage that bulk single crystals with high structural
perfection can be grown from the melt [20],[21], at relatively low production costs.
The growth of large scale bulk crystals has been shown by edge defined film fed
growth [19], Bridgeman [22], optical floatzone [23] and Czochralski [20].

The availability of native substrates obtained from bulk β-Ga2O3 single cry-
stals, enables homoepitaxial growth of thin layers, leading to improved device

1In literature some confusion is present on the correct assignment.
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1. Introduction

performance compared to heteroepitaxial growth. The homoepitaxial growth of
β-Ga2O3 has been performed mainly by molecular beam epitaxy (MBE), and very
recently also by pulsed laser deposition (PLD) and halide vapor phase epitaxy
(HVPE). MBE is an epitaxial growth technique able to produce layers with well
defined thickness, atomically abrupt interfaces and high doping concentrations,
since growth takes place far from thermodynamical equilibrium. Reports on the
growth on the (100) plane of β-Ga2O3 showed growth rates of below 1 nm/min.,
which has been attributed to the formation of the volatile Ga2O sub-oxide, com-
peting with the deposition of β-Ga2O3 [24] Growth on the (010) plane resulted
in layers with excellent crystalline quality and well controllable electrical proper-
ties. First devices like Schottky barrier diodes (SBD), metal-semiconductor field-
effect transistor (MESFET), and metal-oxide-semiconductor field-effect transistor
MOSFET structures were realized based on these layers. [10] Ahmadi et al. [25]
reported a modulation doped field-effect transistors with Ge as dopant grown via
plasma-assisted molecular beam epitaxy, which may trigger further work towards
the fabrication of high electron mobility transistors. Despite of this success, (010)
β-Ga2O3 substrates are not ideal for large-scale production, since their wafering
is very challenging. Contrary to the (100) and the (001) planes, the (010) is not a
cleavage plane and the wafers have to be cut out from the bulk, leading to a hig-
her risk of material loss by undesired cleavage along alternative crystallographic
directions.

Recently homoepitaxial growth of β-Ga2O3 by HVPE on (001) plane has been
reported.[5] These authors realized growth rates as high 5 µm with excellent elec-
tric properties. Despite this the surface of the grown layer were quite rough, which
would be a significant drawback for the realization of Ga2O3 based heterostructu-
res. Moreover, because of the relatively long times of switching the source gases
HVPE is not ideal to obtain abrupt interfaces and thin layer heterostructures.
[11]

A common growth method that has been explored to a lesser extend in the field
of β-Ga2O3 is metal organic vapor phase epitaxy (MOVPE). In semiconductor
industry, MOVPE is the method of choice, since it operates close to thermody-
namical equilibrium resulting in high purity samples and is easily scale-able. In
general high deposition rates can be achieved and the moderately low pressures
of the MOVPE technique is for technological reasons advantageous compared to
the UHV conditions required for MBE. Up to now however, MOVPE growth of
β-Ga2O3, to the best of our knowledge, has not been studied in detail.

In this thesis we will study the growth of β-Ga2O3 by metal organic vapor
phase epitaxy (MOVPE). To exploit the full potential of this material a precise
understanding of the elementary growth process is necessary. Since possible de-
vice application rely on thin layer growth, a deeper understanding requires the
knowledge of the layer structure down to the atomic scale. For this purpose
transmission electron microscopy is the technique of choice. A systematic study
of the influence of typical growth parameters (e.g. temperature, pressure, precur-
sors and substrate miscut) on layer morphology and the formation of structural
defects, allows to gain insight into growth kinetics as well as thermodynamics of
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the the film growth.
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1.1. Outline of this thesis
In this thesis we present a detailed study on the growth of Ga2O3 by means of
transmission electron microscopy. We first very briefly study the morphology
of heteroepitaxial layer deposition on (0001) plane of sapphire. We will then
focus our attention on homoepitaxial growth of β-Ga2O3 on (100) plane by metal
organic vapor phase epitaxy. The layer formation is studied in dependence of
different metal organic precursors with respect to the resulting structure and
morphology of the layers . A quantitative model is developed on the formation
of planar defects found in these layers with respect to optimize the structural
perfection of the grown layers. The thesis is organized as follows:

2) In chapter 2 we will give a short overview on the main experimental techni-
ques that we use for our studies, and describe the main theoretical concepts
of this work.

3) In chapter 3 will show that a second polymorph, i.e. the meta-stable α-
Ga2O3, is forming during the growth. Strain due to the lattice mismatch is
discussed as the origin of this phenomenon.

4) In chapter 4 a study on the influence of the different oxygen precursors when
using tri-methy-gallium (TMGa) as a metal source, during homoepitaxial
growth on (100) plane of β-Ga2O3, by metal organic vapor phase epitaxy,
is presented. The results will be discussed in the framework of thermody-
namical calculations and typical chemical reaction occurring in the growth
chamber.

5) In chapter 5 a detailed transmission electron microscopic study on typical
structural defects is presented.

6) In chapter 6 the formation of planar defects during homoepitaxial growth
on (100) plane of β-Ga2O3will be discussed, and a quantitative model for
the defect formation will be presented.

7) In chapter 7 a detailed study of the growth of (InxGa1−x)2O3 on (100) plane
of β-Ga2O3 is presented. It will be shown that indium acts as a surfactant
during growth of (InxGa1−x)2O3. Based on thermodynamical calculations
we explain the surfactant effect of indium.
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2. Experimental methods and
theoretical background

2.1. Transmission electron microscopy
In this section we will describe only the principles of image formation relevant
for this work. For a more detailed description the reader is referred to text books
(Spence [26], Bethge and Heydenreich 1987 [27], Williams Carter [28]).

2.1.1. Basic principle of structural imaging by transmission
electron microscopy

Figure 2.1.1.: Schematic representation of the basic principle of image formation
in a TEM. The horizontal dashed line denotes the optical axis of
the microscope.

Figure 2.1.1 shows the typical principle and beam path of a transmission electron
microscope (TEM). The electron beam is generated in an electron source and
accelerated by an electric field.

The monochromatic electron beam is first shaped by a condenser lens and
passes afterward through the sample. According to the de Broglie [29] relation
a particle with the momentum p can be described by a matter wave with the
wavelength λ:
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2. Experimental methods and theoretical background

λ = h

p
(2.1.1)

with h being the Planck constant.
In case of an typical electron microscope the wavelength of the electron wave

is given by the kinetic energy of an electron in the relativistic approximation and
can be calculated according to formula 2.1.2,

λr = h√[
2m0eU

(
1 + eU

2m0c2

)] (2.1.2)

with m0 (m0 = 9.109 × 10−31kg), and e (e = 1.602 × 10−19 C) being the electron
rest mass m0 and the electron elementary charge respectively, h (h = 6, 626 ×
10−34Js) Planck‘s constant and U the accelerating voltage of the microscope.
All our studies were carried out with an accelerating voltage of 300 kV, which
corresponds to a wavelength of 1.97 pm.

The condenser lens is forming a parallel electron beam which can be described
as a plane wave ψ0:

ψ0(~r) = A0 exp (−2πi~r·~k0) (2.1.3)
with A0 being the amplitude and k0the wave vector (|k0| = 1

λ
).

The transmitted plane electron wave interacts with the atomic potential of the
specimen resulting in either coherent elastic scattering, incoherent quasi elastic
scattering or inelastic scattering. The amplitude and the phase of the incident
electron wave are modified accordingly, forming the object wave which contains
the full information on the specimens projected potential.

Inelastic scattering leads to transfer of energy from the electron beam to the
specimen and the generation and emission of photon and secondary electrons.
The energy loss of electrons of the beam and the emitted photons can be de-
tected with different special detectors equipped at the TEM, e.g. energy dis-
persive X-ray spectroscopy (EDX), electron energy loss spectroscopy (EELS),
catholuminescence (CL).

In case of elastic scattering the electron wave is diffracted by the periodic crystal
potential elastically and is thereby decomposed into a spectrum of Fourier waves
ψk(~r) with amplitudes Ak and wave vectors ~k according to the formula:

ψk(~r) = Ak exp (−2πi~r~k) (2.1.4)
if the Laue condition:

~k = ~k0 + ~g (2.1.5)

is fulfilled (with ~g a reciprocal lattice vector, ~k0 the wave vector of the incident
wave and ~k the wave vector of the diffracted wave).

In real space these diffraction can be described by the Bragg condition (see fig
2.1.2):
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2. Experimental methods and theoretical background

Figure 2.1.2.: Schematic representation of plane wave diffraction on a crystal. a)
In real space the diffraction can be described by the Bragg equation.
b) In reciprocal space the diffraction is explained by the Ewald
sphere construction. A diffracted beam is produced if the difference
of the wave vector ~k0 of the incident wave and the vector ~k of the
diffracted wave are equal to a reciprocal lattice vector ~g = ~k − ~k0.

nλ = 2dhkl sin θB (2.1.6)
with n an integer, λ the wavelength of the incident electron wave dhkl the

distances between the lattice planes and θB the Bragg angle.
This condition results in a discrete set of Fourier waves ψk0+g (in short ψg

)where each individual wave ψg is correlated to the respective Fourier component
of the periodic structure of the sample . Each of these Fourier waves ψg in
geometrical optics corresponds to a diffracted beam at an angular distance of
α = |g|

|k0| to the transmitted beam. Thus, the diffraction angle increases with the
spatial frequency. The resulting wave field at the rear side of the sample, the exit
wave, is equal to the sum of the complete set of Fourier waves, given by

ψexit(~r) =
∑
~g

ψ~g(~r) = A~g exp (−2πi~r~g + φ~g) (2.1.7)

After the wave is transmitted trough the sample, the diffracted sand transmit-
ted beams are superimposed in the image plane through the objective lens of the
microscope and interfere there. The objective lens combines all beams with the
same vector ~kg in one point in the back focal plane (diffraction pattern).

With the help of a suitable aperture one can then select in the back focal
plane of the objective lens appropriate diffracted waves which should contribute
to the image formation. The electron wave function in the back focal plane of
the objective lens can be expressed by [27]:

ψ′(q) = F(ψexit(~r)) · T (q) (2.1.8)
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2. Experimental methods and theoretical background

with q the spatial frequency, F denotes the Fourier transformation and T (q)
the contrast transfer function of the objective lens, which describes the impact of
the lens on the exitwave.

After the propagation of the electron wave from the Back focal plane to the
image plane (where the image is recorded by either an CCD device or an fluores-
cence screen) the wave function is given by the inverse Fourier transformation:

ψimage(x, y) = F−1(ψ′(q)) (2.1.9)
where q is the spatial frequency (for small scattering angles the spatial fre-

quency is related to the scattering angle by the equation q = θ/λ ),
Experimentally only the image intensityI(~r) of the complex wave function in

the image plane is observable:

Iimage = |ψimage(x, y)|2 (2.1.10)

Contrast transfer Function
Above we have seen that the influence of the lens on the exit wave as a

function of the spatial frequency q. Mathematical the transfer function can be
described as [28]:

T (q) = A(q) · E(q) · exp(iχ(q)) (2.1.11)
with A(q) being a cut off function describing the influence of an objective

aperture, which cuts off all spatial frequencies above a value qaperture:

A(q) =
1 for 0 ≤ q ≤ qaperture

0 for q > qaperture
(2.1.12)

χ(q) is the aberration function and E(q) is called the envelope function . In a
TEM the most dominant aberrations a the spherical aberration and the defocus,
thus the aberration function is typically written as:

χ(q) = 2π
[
CSλ

3q4

4 + ∆fλ2q2

2

]
(2.1.13)

This function describes the phase shift χ(q) of the electron wave due to the
influence of the spherical aberration parameter CS and defocusing ∆f of the ob-
jective lens.

The envelope function in eq. 2.1.11 describes the damping of the electron wave
in the imaging process, as a function of the spatial frequency. This damping is
typically a result of limited spatial and temporal coherency of the electron wave,
as well as specimen drift and vibrations. By assuming parallel illumination (i.e.
no spatial incoherence) and neglecting vibrations and specimen drift, the damping
of higher spatial frequencies is a result of a limited temporal coherence. In this
case the envelope function can be expressed as:

8



2. Experimental methods and theoretical background

E(q) = exp
−(πλ∆f

2

)2

q4

 (2.1.14)

with ∆f being the defocus spread:

∆f = CC

√√√√(∆E
E

)2

+
(

∆U
U

)2

+ 4
(

∆I
I

)2

(2.1.15)

which depends on the chromatic aberration of the objective lens Cc , the energy
width of the electron emitter ∆E, the fluctuation in the acceleration voltage ∆V
and the fluctuation in the lens current ∆I .

From eq. 2.1.14 it becomes obvious that electron waves scattered into higher
angles (i.e. higher spatial frequency) are strongly attenuated. This shows that
the envelope function is limiting the spatial resolution of the microscope. In a
TEM the spatial frequency at which the envelope function is dropped to the 1

e2

of its initial value is usually called the information limit of the microscope1.

2.1.2. High-resolution transmission electron microscopy
In case of high resolution transmission electron microscopy very thin specimen
are investigated. In this case the interaction of the incident electron wave and
the specimen can be described by a slight phase shift of the electron wave, caused
by the periodic potential of the specimen. Thus the exit wave can be expressed
as:

ψexit(x, y) = ψ0 exp (−iσV (x, y)) (2.1.16)
with σbeing the interaction constant and V (x, y) the projected atomic potential

of the specimen with a thickness t:

V (x, y) =
∫ t

0
V ′(x, y, z) dz (2.1.17)

In case of a very thin specimen the exponent in eq. 2.1.16 becomes much
smaller than 1 and thus the exit-wave can be approximated as (with normalizing
ψ0 = 1):

ψexit(x, y) ≈ 1− iσV (x, y) (2.1.18)
Equation 2.1.18 is called the weak phase object approximation (WPOA). [28]

In this case all the information on the structure of the specimen is stored in
the phase of the electron wave on the exit surface of the specimen. Equation
2.1.10showed that image formation by an ideal lens leads to the loss of all phase
information. However, phase contrast can be achieved by the phase shift that the
electron wave experience when transferred through the objective lens. As shown

1For the TEM used in this study the information limit is approximately 12.5 nm−1, corre-
sponding to a resolvable spacing of 80 pm.
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2. Experimental methods and theoretical background

Figure 2.1.3.: Contrast transfer function of an electron microscope at an accele-
ration voltage of 300 kV at Scherzer defocus and CS value of a) 1.2
mm and b) -12µm. Et is the envelope function of the microscope.

before the phase shift of an electron wave in the microscope can be expressed by
the contrast transfer function, which simplifies in the WPOA approximations to:

TWOPA(q) = A(q) · E(q) · 2 sin(χ(q)) (2.1.19)
Thus the contrast in the high resolution images is strongly influenced by the

aberrations of the image forming lens. Thus the interpretation of conventional
HRTEM images in terms of assigning an intensity minima/maxima to positions
of atomic columns is typically not straight forward, because aberrations of the
objective lens lead to non-homogeneous phase shifts of the electron wave.

Figure 2.1.3a) shows the contrast transfer functions (dark green) for a conven-
tional transmission electron microscope at an acceleration voltage of 300 keV,
having a spherical aberration parameter CS ≈ 1.2 mm and operated at the opti-
mum defocus value (the so called Scherzer focus ∆f = −1.2

√
CSλ [30] ). For this

condition the transfer function amounts close to 1 for a broad range of spatial
frequencies. This means that electron waves, in this range of spatial frequencies,
experience an almost constant phase shift. For higher spatial frequencies the con-
trast transfer function shows rapid oscillation, thus the waves are transferred with
either positive or negative phase shift through the objective lens. These strong
contrast oscillations create image artifacts which hamper the direct interpretation
of the images. The point where the contrast transfer function first crosses zero,
corresponds to the smallest distance interpretable in an conventional microscope.
In the here presented case for an microscope with an CS= 1.2 mm operated at
300 kV the crossing can be observed at about 5 nm−1corresponding to an point
resolution of about 0.2 nm.

A second effect hampering the interpretation of high resolution images is the
so called contrast delocalization R. Contrast delocalization arises as a result of
the bending of the iso-phase front of the spherical wave emitted from a specific
point at the exit-surface of the specimen (Huygens principle) caused by the spa-
tial frequency q dependent phase shift due to aberrations of the objective lens.
Simplified this means that the exit-wave, from a specific point of the sample, is
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Figure 2.1.4.: Multislice HRTEM contrast simulations for α-Al2O3 projected al-
ong the [112̄0] and [11̄00] direction of the lattice (thickness of 10
nm). The images have been superimposed by stick and ball mo-
dels of the sapphire unit cell. Red correspond to oxygen atoms and
bright blue corresponds to Al atoms.

delocalized in the image plane. At a given position in the image plane delocalized
waves from different points in the sample will superimpose and thus it is not pos-
sible to extract local information. The contrast delocalization can be expressed
as:

R = | 1
2π

∂χ(q)
∂q
| q ∈ [0, qmax] (2.1.20)

Thus the contrast delocalization is depending on the change in the aberration
function of the microscope and with this on the aberrations of the objective lenses.

Aberration correction Above we have seen that aberration, especially the sp-
herical aberration, of the imaging lenses are the main parameter reducing the
point resolution of electron microscopes.

As shown by Rose [31] introducing multipole-elements into the optical path of
the microscope spherical aberrations can be corrected. This makes it possible
to extend the point resolution to the information limit of the microscope. In
addition, it is possible to tune the spherical aberration corrector to desired values.
Lentzen et al. [32] showed that tuning CS to small negative values and small
positive defocus values results in phase contrast images with bright atom contrast.
Especially the contrast of light elements (O, N) is increased under such imaging
conditions. These conditions are called negative spherical aberration imaging
(NCSI) conditions.

Figure 2.1.3 b) shows the contrast transfer functions for transmission electron
microscope at an acceleration voltage of 300 keV with spherical aberration cor-
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rection. We have seen that the typical high CS value of an uncorrected microscope
(CS ≈ 1.2 mm) leads to a rapid oscillation in the contrast transfer function for
higher spatial frequencies. These oscillation make it impossible to interpret the
image directly, in terms of projected atomic potential. In the corrected microscope
the contrast transfer function can have the same sign up to the information limit
of the microscope, so the image can be interpreted more intuitive. Another ad-
vantage is that the contrast transfer function varies just slightly with increasing
spatial frequencies and thus the contrast delocalization is strongly reduced.

Figure 2.1.4 show multislice simulations of the high resolution contrast pattern
for sapphire in the [112̄0] and [11̄00] direction, for an uncorrected microscope with
an spherical aberration of CS = 1.2 mm and for an corrected microscope with an
positive CS = 12 µm and under NCSI conditions with a CS = −12 µm (which is
the usual CS value chosen in this work). In case of an uncorrected microscope, in
the high resolution pattern, the single distances between the atomic columns in
the [112̄0] as well as in the [11̄00] can not be resolved. For example in the [11̄00]
direction the Al atoms forming a dumbbell like arrangement, with an distance of
about 1.5Å, which is less than the point resolution of about 2Å of the uncorrected
TEM. In case of an aberration corrected microscope with a positive spherical
aberration parameter of CS = 12 µm in the [112̄0] projection an” zig-zag” pattern
becomes observable (note that in this case atoms usually appear dark), formed
of darker oxygen columns and more grayish Al columns. In the [11̄00] direction
the dumbbell structure of the Al atoms becomes observable but with a strong
bright contrast at the positions of the oxygen columns. Comparing this with the
image simulations of an corrected microscope under NCSI conditions, the contrast
improvement becomes evident. In the [112̄0] projection a perfect “zig-zag” pattern
resulting from the bright contrast of the Al as well as the oxygen columns. In
the [11̄00] direction the Al dumbbells appear bright while the contrast of the
oxygen columns is suppressed. This shows of the main advantages of using NCSI
method, namely the increased absolute contrast of atomic columns in comparison
with positive CS imaging, due to constructive superposition of linear and non-
linear terms of contrast forming function.[33]

Even when using an aberration corrected TEM, only in a few selected cases
the resulting images can be intuitively interpreted. In order to evaluate these
images and to optimize the experimental imaging conditions it is necessary to
perform detailed simulations of the electron scattering process and the electron
optical imaging process on the basis of the relativistic quantum mechanical calcu-
lations. An effect, independent from the properties of the microscope but which
may also hamper the direct interpretation of high resolution images, is multiple
scattering of the electron wave passing the sample. In this case the amplitude
of the Fourier wave Ag strongly depends on the sample thickness. Thus the exit
wave function (Eq. 2.1.7) and finally the image pattern (Eq. 2.1.10) becomes
difficult to interpret.

Figure 2.1.5 shows a thickness series of simulated high resolution images of
β-Ga2O3, projected along the b-direction. The images have been simulated for
an TEM operated at 300 kV operated under NCSI conditions with an spherical
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Figure 2.1.5.: Multislice HRTEM contrast simulations for β-Ga2O3 projected al-
ong the [010] direction of the lattice.
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aberration parameter CS= -12 µm and at Scherzer focus of about 6 nm. The
images have been superimposed with a stick and ball model of the β-Ga2O3
unit cell in this projection. While oxygen atoms are red, dark and bright green
correspond to octahedral and tetrahedral coordinated Ga columns, respectively.
For a specimen as thin as 7 nm the single columns are well distinguishable,
Ga columns appear brighter than the surrounding oxygen columns. With slight
increase in sample thickness (every step correspond to one additional unit cell
in projection direction, i.e. ≈ 0.3 nm) the contrast of the Ga columns vanishes
and the contrast of the oxygen columns remains dominating until a thickness
of about 7.9 nm. At 8.2 nm a slight contrast of the Ga columns reappear, but
with increasing thickness only the contrast for tetrahedral gallium atom column
increases, while the contrast of some oxygen columns (OIII) dims. Above 9.4
nm the bright spots drift to the center of mass between the different gallium and
oxygen columns, thus not representing directly the atomic structure any more.
This shows the difficulties of investigating the atomic structure of β-Ga2O3 in the
[010] projection by HRTEM. For an direct interpretation of the HRTEM images
it is mandatory to prepare samples of a thickness, in projection direction, of less
than 7 nm.

2.1.3. Simulation
Image simulations are required to calculate the dynamical interaction of the elec-
trons with the crystal and the non-linear image formation. They are performed
in two steps. First, the interaction of the electrons with the periodic potential
of the crystalline specimen is calculated, while in the second step the image for-
mation through the optical system of the microscope is computed. The influence
of the optical system on the image formation has been discussed in the previous
section. For the computation of the interaction of the electrons with the specimen
several approaches are available, the most common of which are the multi-slice
and the Bloch-wave approach. In this work only the multi-slice approach has
been used. A suitable approach to calculate the intensity distribution I(~r) in the
image plane is the concept of the transfer function which is based on non-linear
imaging theory.

Multislice Method The multislice method is a numerical iteration method for
calculating the exit wave function based on the relativistic corrected Schrödinger
equation. This procedure describes the interaction of the incident electron wave
with the three-dimensional crystal potential. It decomposes the interaction of
the electron wave with the crystal into temporally successive scattering processes
in thin crystal slices of thickness z each. The interactions within each crystal
slice can be divided into two sub-processes. In the first step, the electron wave is
scattered at the two-dimensional projected periodic crystal potential of that slice.
In the second step the wave propagates through vacuum, along a path z towards
the next slice. Thus, the interaction of the wave with the entire crystal is mat-
hematically described through interaction with an infinitesimally thin scattering
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plane.
The interaction of the electron wave and the two-dimensional crystal potential

is described mathematically by the phase grating function:

qn(x, y) = exp (iσVp(x, y)∆z) (2.1.21)
where Vp is the projected two-dimensional potential of the transmitted cry-

stal slice and σ an interaction constant which contains the corrected relativistic
electron mass and wavelength. It is assumed that the elastic scattering of the
incident wave at the two-dimensional crystal causes a phase shift of the wave
exclusively. If the phase shift is proportional to the projected potential of the
crystalline sample Vp(x,y) we have the so called weak phase object (WPO).

The wave function Ψn(x, y) after the abrupt phase shift due to the scattering
plane n results from the multiplication of the wave function Ψn−1(x, y) of the
preceding scattering plane n-1 with the phase grating function (x, y):

Ψ′n(x, y) = Ψn−1(x, y) · qn(x, y) (2.1.22)
The Fresnel propagator p(x,y) can be applied to account for the propagation

of the electron wave between the individual scattering planes. According to the
Huygens-Fresnel principle, the exit wave function Ψn(x, y) of the n-th crystal
slice results from the coherent superposition of spherical waves emanating from
all scattering centers in the scattering plane.

Ψn(x, y) = Ψ′n(x, y)⊗ pn(x, y) = F
{
F−1 {Ψ′n(x, y)}Pn(u, v)

}
(2.1.23)

The convolution operation of Ψn(x, y) with pn(x, y) in the real space can be
replaced by a multiplication in the Fourier space. F denotes the two-dimensional
Fourier transform and F−1 the inverse transformation.
Pn(u, v) = exp (2πi∆z(u2 + v2)) is the Fresnel propagator. Thus, a complete
multi-slice operation between two crystal disks is described by the recursive equa-
tion

Ψn(x, y) = F
{
F−1 {Ψn−1(x, y)qn(x, y)}Pn(u, v)

}
(2.1.24)

With this equation the electron wave function at a sample thickness t = n∆z
is iteratively calculated. The use of the multislice method has advantages over
other methods in particular for crystals with large unit cells which have a large
number of potential coefficients. This holds especially since effective numerical
methods, such as the fast Fourier transform (FFT) exist to solve two-dimensional
discrete Fourier transformation problems. This has the advantage that the requi-
red computing time at N potential coefficients is reduced from N2 to N · log(2N).
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2.1.4. Geometrical Phase Analysis GPA
In many cases deviation from translation symmetry in HRTEM images are of
major interest. This comprises defects in materials (stackingfaults, dislocations,
precipitates) as well as strain in coherently grown heterostructures: To quantify
strain from atomic resolution TEM Images, a number of approaches have been
developed. Some of them are working in the real space, others in the reciprocal
space. A method that operates in the reciprocal space has been proposed by
Hÿtch et al. [34], and can be understand as following:

The intensity of an HRTEM image at an position r can be described by a
set of image periodicities, which correspond to the Bragg spots in the Fourier
transformation:

I(~r) =
∑
g

Hg(~r) exp {2πi~g · ~r} (2.1.25)

where Hg is the Fourier component with the Bragg periodicity ~g. These compo-
nents can be expressed by its amplitude Ag and phase Pg by:

Hg(~r) = Ag(~r) exp {iPg(~r)} . (2.1.26)
By placing a small mask around a reflection in the Fourier transformation of a
HRTEM lattice image, and applying an inverse Fourier transform, a Bragg filtered
image is created. The intensity in this Bragg filtered image can be described by

Bg(~r) = 2Ag(~r) cos {2π~g · ~r + Pg} . (2.1.27)
with

Pg(~r) = −2π~g · ug(~r) (2.1.28)
with ug(~r) the displacement field, for each set of lattice fringes, i.e. changes of

the phase correspond to local displacements of atomic planes. In the case that
the displacement field ug(~r) changes locally just by a small amount, the local
strain field ε [35]

ε =
(
εxx εxy
εyx εyy

)
(2.1.29)

which can be calculated by deriving the phases of two non-colinar Bragg spots
~g1 and ~g1 . The strain field can than be expressed by:

ε = 1
2(e+ eT ), (2.1.30)

where T denotes the transpose of the tensor, ande is given by:

e = −1
2π

(
a1x a2x
a1y a2y

)
·
( dPg1

dx

dPg1
dy

dPg2
dx

dPg2
dx

)
(2.1.31)

with the vectors ~a1 and ~a2 correspond to the lattice in real space defined by
the reciprocal lattice vectors ~g1 and ~g2
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2.1.5. Diffraction contrast imaging

Figure 2.1.6.: Schematic representation of diffraction contrast imaging. a) Bright-
field imaging conditions. The incident beam is parallel to optical
axis of microscope, which is denoted by dashed-dotted line. b)
Dark-field imaging conditions.The incident beam is tilted, the dif-
fracted beam is parallel to optical axis and passes through objective
aperture.

Another important structural characterization technique is diffraction contrast
imaging. In this case only a specific beam is selected in the back focal plane
of the objective lens, by inserting an objective aperture. Figure 2.1.6 shows a
schematic on the principle. By either choosing a direct beam (with wave vector
~k0), with the incident beam direction parallel to the optical axis or a diffracted
(with wave vector ~kg) by tilting the incident beam with respect to the optical
axis, bright field (BF) or a dark field (DF) image is created,respectively. If the
image is in zone axis geometry these images are called multi beam bright/dark
field images. Usually the geometry is chosen in a way that just one diffracted
beam is excited strongly (so called two beam conditions), by tilting the sample
a few degree out of the zone axis. Any lattice distortion (e.g. introduced by
dislocations or 2D defects) will lead to a locally bending in the lattice planes
and thus will change the diffraction conditions at this place. This change in
the local diffraction condition changes the intensity of the diffracted beam and
thus create contrast around the defect in the image. A prominent example is
the visualization of dislocations in specimen by performing diffraction contrast
imaging. By comparison of images recorded with different diffracted beams, one
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Figure 2.1.7.: Schematic representation of the image formation in a STEM. The
horizontal dashed line denotes the optical axis of the microscope.

can also determine the Burgers-vector of the dislocation. In this case one has to
find lattice planes, for which the respective diffraction vector ~g are perpendicular
to the Burgers-vector ~b of the dislocation (this is called the ~g · ~b = 0 criterion)
and thus the dislocation is out of contrast in the image.

2.1.6. Scanning transmission electron microscopy - STEM
HAADF

In contrast to the image formation in a TEM, where a parallel beam is used to
illuminate the specimen, in scanning transmission electron microscopy (STEM)
a convergent focused electron beam is used to scan point by point across the
specimen. The transmitted electrons are collected by an appropriate detector, so
that each point in the image corresponds to a point at the sample. The detected
signal, depending on the detector, results either of electrons, scattered into low
angles with respect to the optic axis (bright field imaging) [27], or electrons being
scattered into angles higher than the convergence angle of the incident beam (dark
field imaging). Additionally secondary signals, like X-rays (EDX) or visible light
(cathodoluminescence) may be detected. The most prominent imaging technique
in STEM is high angle annular dark field imaging (see figure 2.1.6). In this case
only electrons are detected ( by an annular detector) which are scattered into
high angles. As shown by Howie [36] the intensity of Bragg scattered electrons
becomes weak for high scattering angles, thus the signal is mostly of thermal
diffuse scattered (TDS) electrons2. This is an incoherent scattering process of
electrons and thus eliminates the complicate phase relation in the experimental
image. Hall and Hirsch [37] showed that the scattering intensity by TDS can be

2scattering at atoms displaced by thermal vibrations around their equilibrium positions (pho-
nons)
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expressed as:

ITDS(s) = (F e(s))2 [1− exp (−2fDW (s))] , (2.1.32)
with fDW (s) the Debye-Waller-factor

fDW (s) = 2π2s2ū2. (2.1.33)
ū is the temperature dependent mean square displacement of the respective

atom from its position and s the scattering parameter, given by the scattering
angle θ by s = sin θ/2

λ
. Fe(s) is the atomic scattering factor for electrons, given by

[38]:

Fe = m0e
2

8πε0h2
Z − FX(s)

s2 ≈ m0e
2

8πε0h2
Z

s2 for large s (2.1.34)

with m0 is the electron mass, e is the elementary charge, ε0 is the vacuum per-
mittivity, h is the Planck constant, Z the mean atomic number of the specimen
material and FX(s) is the atomic scattering factor for X-rays.

Considering eq. 2.1.32 and 2.1.34 it becomes clear that the STEM HAADF
signal has a strong atomic number dependence. Thus HAADF image contain
chemical information, i.e. atomic columns with a higher mean atomic number
appear brighter than columns with a lower mean atomic number. However, the
image intensity of individual atomic columns does not simply scale with their
atomic number but depends also on the strength of atomic vibrations (i.e. the
Debye-Waller-factor) and on the electron channeling behavior, which describes a
self-focusing of the electron beam onto an atomic column as the electrons pro-
pagates through the crystal, and thus increasing the probability for high angle
scattering. [39] Thus in many cases a simple quantitative analysis of HAADF
images is not possible. For a precise quantitative composition evaluation a com-
parison with image simulations is mandatory. As shown by Kirkland et al. [40]
STEM images simulations can be performed by a modified multislice approach,
called “frozen phonon” approach. When electrons pass though the specimen they
will see the vibrating lattice in a fixed configuration, since the electron velocity
is that high that the traveling time in the specimen is much lower than the vi-
bration period of the lattice (phonons). Since electrons are passing the specimen
at separately, each will see a different configuration of the lattice. For the si-
mulation several different lattice configurations, typically 203, are considered and
for each configuration the respective image is calculated using a multi-slice al-
gorithm. Finally the individual images are summed together to obtain the final
STEM image.

Another advantage of STEM HAADF is that thermal diffuse scattering is an
incoherent scattering process and thus, unlike as in the case of HRTEM, there
are no contrast reversals with defocus and the STEM-HAADF image intensity

3Usually with 20 configurations are sufficient for obtaining realistic mean values, while the
computational effort is not to high.
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Figure 2.1.8.: a) STEM HAADF images simulations of β-Ga2O3 in the [010] pro-
jection for different thickness of 3 nm, 30 nm and 10 nm, b) Nor-
malized mean intensity of the calculated images for thicknesses be-
tween 3 and 150 nm.

increases monotonically with the specimen thickness. This is in particular bene-
ficial in the case of β-Ga2O3, since a intuitive structural analysis by HRTEM, is
limited to extremely thin specimens, which in addition should not vary much in
thickness.

Figure 2.1.8 a) shows STEM HAADF images calculated by frozen phonon si-
mulations, for typical to our experimental parameter4 used throughout this work,
and for a sample thickness of 3 nm, 30 nm and 100 nm, respectively. Bright spots
correspond to gallium columns while oxygen columns are out of contrast due to
the much smaller atomic number of oxygen in comparison to gallium ( ZO = 8
and ZGa = 31). The simulation shows that a thickness depending contrast re-
versal, as present in the HRTEM images, is not present in STEM HAADF. Thus
they can be interpreted more intuitively. Figure 2.1.8 b) shows the normalized
mean intensities of STEM HAADF image simulations for specimen thicknesses
between 3 nm and 150 nm, indicating a monotone increase of the intensity with
thickness.

For comparison between experimental and simulated intensities, it is manda-
tory to normalize the the measured intensities Imeasured to the probe intensity5

Idetectorby [41]:

Inormalized = Imeasured − Ivacuum
Idetector

(2.1.35)

with Ivacuumthe HAADF intensity in a vacuum area (background intensity).
The detector intensity can be evaluated by performing a detector scan, by scan-
ning directly the detector with the electron beam. Since HAADF imaging is

4Convergent angle of 9 mrad, 300 kV acceleration voltage, a spherical aberration Cs of 1.2
mm and a detector acceptance angle of 35-350 mrad.

5Strictly speaking to the intensity of the probe as counted by the detector, when the detector
is fully illuminated.
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incoherent, the resulting intensity, in a very simple approximation, can be descri-
bed by a convolution between intensity of the STEM probe (the electron beam)
P (~r) (also called the point spread function) and the object function OHAADF (~r)
(scattered intensity proportional to the mean atomic number):

IHAADF (~r) = P (~r)⊗OHAADF (~r) (2.1.36)
Therefore the spatial resolution in STEM is mainly defined by the point spread

function, i.e. by the diameter of the probe.

2.1.7. Experimental setup
(S)TEM measurements are performed with an FEI Titan 80-300 operated at an
acceleration voltage of 300 kV (λ = 1.97 pm). The microscope is equipped with
an aberration corrector for the objective lens and a high brightness field emission
gun (X-FEG) as an electron source. The information limit of our microscope
is approximately 12.5 nm−1, thus we are able to resolve atomic columns with
a spacing of about 0.8Å. Images have been recorded with an Eagle 2k HR
charge coupled device (CCD) camera, which has 2048× 2048 pixels and achieves
a sampling of 17.1 pm

pixel
at the highest used magnification.

For HRTEM imaging we tune the spherical aberration of the objective lens
typically to a small negative value of about CS ≈ −12 µm. Other lens aberrations
have been corrected to a minimum. In TEM mode a parallel beam with a semi-
convergence of smaller than approximately α ≤ 0.4 mrad and a beam current in
the range of 100 pA− 1 nA6 has been used. STEM imaging has been performed
with a focused, convergent beam with a semi-convergence angle of α = 9.0 mrad.
The spherical aberration parameter of the probe forming lens is approximately
CS = 1.2 mm, which limits the spatial resolution to a value of about 1.3 Å.
Typically we have a probe current of 10 pA. STEM-HAADF images have been
recorded with a Fishione model 3000 annular detector (16 bit dynamical range)
with a typical dwell time of approximately 40 µs per scanning point.

6This current leads for HRTEM imaging where an area of typically 100×100 nm2 is illuminated
by the beam to a current density of less than 10 A

cm2 .
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Figure 2.1.9.: Schematic drawing of the single preparation steps for heteropitaxial
samples grown on sapphire.

2.1.8. Sample preparation
Sample preparation for samples studied in this thesis was carried out by plan
parallel polishing. In case of homoepitaxial layer of β-Ga2O3 the strong tendency
for undesired cleaving needs to be accounted for during the preparation of this
material.

heteroepitaxial samples grown on sapphire (0001) To resolve single atomic
columns in high resolution imaging it is mandatory to cut the samples along well
defined low indexed crystallographic directions, because of the limited tilting
capability of the specimen holder. As we will see later these layers consist of
small grains witch show an epitaxial relationship to the sapphire substrate. For
this reason the samples have been orientated in a way that the < 11̄00 > or
< 112̄0 > directions of the sapphire substrate are perpendicular to the planes
which will be polished afterwards. The orientation of the samples have been
evaluated by XRD measurements before sample preparation. Figure 2.1.9 shows
a schematic drawing of the single steps to obtain an cross sectional TEM sample.
As a first step the samples are glued with thermowax at 150°C onto a glass plate,
followed by cutting of ∼2 mm wide stripes by a wire-saw. The resulting stripes
are cleaned with acetone, iso-propanol and distilled water. The cleaned stripes
were glued face to face with GATAN G1 two component epoxy resin. The epoxy
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resin allowed to achieve very thin glue interfaces of well below 1µm (down to a
few nm). Afterwards the resulting stack is heated for 3h at 150°C to harden the
epoxy. In a next step the glued stacks are fixed again on a glass plate and cut
in 1 mm stripes. These stripes are fixed in a titanium clamp ring and embedded
in epoxy, while obtaining the desired orientation. After hardening of the epoxy
the resulting disc are mechanical lapped with ALLIED diamond lapping sheets
(decreasing grain size of 35 µm, 15 µm, 9 µm, 6 µm, 3 µm, 1 µm and 0.1 µm), to
a thickness of around 250 µm. To stabilize the sample during further preparation,
a titanium aperture is glued on the polished side with GATAN G1 epoxy. The
preparation of the second side follows the lapping steps of the first side until
a final thickness of about 5 µm is reached. Afterward the sample is cleaned
again with acetone, iso-propanol and distilled water. To finalize the sample, they
are inserted in a GATAN precision ion polishing system (PIPS) and thinned to
electron transparency (appearance of a small hole) using an acceleration voltage
of 3.5 kV under an incident angle of ±4◦. During ion etching the samples are
cooled by liquid nitrogen to minimize ion beam induced damage. In a final step
a cleaning procedure is applied, by reducing step wise the acceleration voltage
down to 0.2 kV, while increasing the incident angle from ±4◦ to ±7◦.

homoepitaxial samples In contrast to the preparation of samples grown on
sapphire, homoepitaxial samples can not be cut in all desired orientations, because
of the strong tendency of β-Ga2O3 to cleave along the (100) and (001) planes.
This has to be accounted during sample preparation. Depending on the substrate
orientation, the samples are first cleaved along one of the easy cleavage planes,
e.g. along the (001) plane for (100) oriented substrates. Figure 2.1.10 shows the
step by step procedure for obtaining high quality samples of homoepitaxial layer
grown on (100) plan of β-Ga2O3.

(i) In the first step the substrate is scratched with an diamond cutter on the
front side where the layer is grown. The scratches are equidistant separated
by 1.6 mm starting from the edge of the substrate and must be parallel to
the (001) plane.

(b) In the second step the substrate is carefully turned around and then cleaved
at the positions of the scratches by applying a pressure with a scalpel onto
the substrate.

(c) The resulting stripes can be glued face to face with epoxy resin. To minimize
the glue thickness only tiny amounts of epoxy are applied on the surface of
the layer.

(d) The resulting stack is glued by epoxy resin into a supporting tube, consisting
of a small rod with a slit of a width of 1 mm and 1.8 mm in diameter, and a
support tube made out of brass. The support rod was manufactured from
brass by electrical discharge machining (erotech Berlin). During this step
it is crucial that no air bubbles are formed in the epoxy resin.
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Figure 2.1.10.: Illustration of the different steps of sample preparation of homoe-
pitaxial layer grown on (100) plane β-Ga2O3 substrates
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(e) After hardening at 150◦C for about 1h the sample rod is ready for further
machining.

(f) The resulting tube can be cut parallel to the (010) plane in to thin slices of
about 1 mm thickness. Cutting into small discs is performed by a standard
wire saw.

(g) For the plan parallel polishing procedure the small disc is glued onto a glass
cylinder with thermowax, and mounted into a tripod polishing holder.

(h) To achieve a plan parallel sample it is mandatory to check the orientation
of the sample. In our case we use the reflection of a laser on the sample to
control the desired orientation of the sample. In case of differences to the
desired orientation it is possible to adjust the angle of the sample by two
micrometer screws on the tripod. This has to be checked throughout the
whole polishing process.

(i-j) The sample is polished by hand on an Allied Inc. polishing machine. The
lapping process is performed with ALLIED diamond lapping sheets (decre-
asing grain size of 35 µm, 15 µm, 9 µm, 6 µm, 3 µm, 1 µm and 0.1 µm), to a
thickness of around 250 µm. During this process the thickness is controlled
with an optical microscope by focusing on the sample surface and sample
bottom.

(k) After polishing the first side the sample is removed from the glass cylinder
by acetone and cleaned with iso-propanol and distilled water. After this
cleaning procedure a small slit aperture (usually Mo with an diameter of
the slit of 0.42 mm) is glued onto the sample. The direction of the slit
must be perpendicular to the orientation of the glue line of the sample to
enable ion beam milling in a later step. The sample is afterward mounted
again onto the glass cylinder by thermowax. Now the second side polishing
process starts, following the steps explained in the case of the first side.
The sample is usually thinned to a final thickness of 10 µm.

(l) Afterwards the sample is cleaned again with acetone, iso-propanol and dis-
tilled water. To finalize the samples, they are inserted in an GATAN pre-
cision ion polishing system (PIPS) and thinned to electron transparency at
an acceleration voltage of 3.5 kV under an incident angle of ±4◦. During
ion etching the samples are cooled by liquid nitrogen to minimize ion beam
induced damage. In a final step a cleaning procedure is applied, by redu-
cing step wise the acceleration voltage down to 0.2 kV, while increasing the
incident angle from ±4◦ to ±7◦.
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Figure 2.2.1.: a) Schematic drawing of the working principle of an atomic force
microscope. b) shows the typical force on the tip in dependence on
the distance to the sample.

2.2. Atomic force microscopy AFM
In this work the surface of the layer and substrates is investigated by atomic force
microscopy (AFM). AFM is a scanning probe microscopy technique to investigate
surfaces at µm scale, down to atomic resolution. Figure 2.2.1a) shows a schematic
sketch of the principle. A SiN tip, with a typical tip diamter of below 10 nm,
probes the sample surface by interaction of the tip with the surface. As the
tip approaches the surface, the close-range, attractive force (e.g. van der Waals
force, capillary forces, electrostatic forces, etc) between the surface and the tip
cause the cantilever to deflect towards the surface. However, once the tip makes
contact with the surface, increasingly repulsive forces (exchange interactions due
to the overlap of the electronic orbitals of the tip with those of the sample) cause
the cantilever to deflect away from the surface. The attraction and deflection of
the cantilever is measured by the detection of a laser beam, which is reflected
at the cantilever and recorded with a photo-diode. From the movement of the
cantilever the force can be derived by Hooks law, considering the elastic properties
of the cantilever. The force on the tip is regulated by a electronic feedback loop,
controlling the height z of the tip on the sample, to prevent destruction of the tip.
The position of the tip is changed by piezoelectric elements moving the sample
with high precision in the x-y plane as well as in the z direction. Three typical
scanning modes are possible ( compare figure 2.2.1 b)):

• Contact mode imaging: In this mode the strong force (exchange inte-
raction) between the tip and the sample is used. This is heavily influenced
by frictional and adhesive forces, and thus gives access to the elastic pro-
perties (Force Modulation Microscopy (FMM)) and frictional properties
(Lateral Force Microscopy (LFM)), but can damage samples and distort
image data.

• Non - contact imaging: In this mode the tip is oscillated at the resonance
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frequency of the cantilever and either the amplitude (frequency modulated
mode) or the frequency (amplitude modulated mode) of the oscillation is
kept constant. When the tip is approaching the surface, the attractive Van
der Waals force starts to act and the cantilever tip is deflecting towards
the surface. As the distance between tip and surface decreases, the Van
der Waals force gradually increases until it reaches its maximum and the
repulsive electrostatic forces start to act between the tip and the sample
surface. This mode generally provides lower resolution and can also be
hampered by the contaminant (e.g., water) layer which can interfere with
the oscillation.

• Tapping Mode imaging: This mode takes the advantages of the other
two modes.When the tip of cantilever encounters a variation of the surface
height, caused by its roughness, it is deflected and thus its initial amplitude
of oscillation changes. The electronic feedback control system applies the
respective voltage to the piezoelectric vertical scanner to keep the amplitude
of cantilever oscillations constant. The voltage values of the piezoelectric
vertical scanner can be processed to a topological image of the surface. One
advantage of the “tapping mode” is that it eliminates frictional forces by in-
termittently contacting the surface and oscillating with sufficient amplitude
to prevent the tip from being trapped by adhesive meniscus forces from the
contaminant layer.

The lateral resolution of the AFM strongly depends on the size and shape of the
cantilever tip and usually is in the range of 1 to 5 nm. The vertical resolution is
determined by the vertical scanner movement and may be less than 1Å .

All samples in this work have been analyzed with a Bruker Dimension Icon
AFM in tapping mode.
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2.3. Growth Methods and Theoretical Background
In this section we will give a very brief introductions to the epitaxial 7 growth
methods used to produce the samples studied in this thesis. While heteroepitax-
ial 8 growth has been performed by Pulsed Laser Deposition, Molecular Beam
Epitaxy and Metal Organic Vapor Phase Epitaxy, all homoepitaxial 9 samples
have been grown by MOVPE. Further details on epitaxial growth in general can
be found in specialized literature (see e.g. Ref [42] [43] [44] [45] [46] [47] [48] [49]
[50] [51]).

2.3.1. Thermodynamic framework of vapor phase epitaxy
In a very simplified manner, epitaxial growth from a vapor phase is a vapor to
solid phase transition of the deposited species. This process can be described by
applying basic thermodynamic concepts. In case of homoepitaxy, the vapor-solid
system is in thermodynamic equilibrium if the chemical potentials µof the vapor
and the solid are equal [52]:

∆µ = µivapour − µisolid = 0. (2.3.1)
However crystal growth is a non-equilibrium process10 To achieve a net growth

an excess of Gibbs free energy (∆G) is needed, which can be induced in the
system by a supersaturation of the growth relevant species.

∆G = ∆µ > 0. (2.3.2)
In case of an ideal gas the difference in the chemical potential is given by:

∆µ = RT ln p

p0
, (2.3.3)

where R is the gas constant, T is the temperature, p is the partial pressure of
the gas and p0 is the equilibrium or saturated vapor pressure at the temperature
of the solid, respectively. This means that growth will occur if the partial pressure
of the vapor is higher as equilibrium vapor pressure, i.e. if a supersaturation is
present at the surface of the solid.

In case of heteroepitaxy, the Gibbs free energy is also effected by changes in
surface free energy (∆γes) of the epitaxial system and possible elastic energies
caused by lattice mismatch (strain energy Estrain) between the substrate and the
layer [53]:

7The term epitaxy comes from greek epi (ὲττί), meaning “above”, and taxis (τάξις), mea-
ning “directed”. Epitaxial growth thus refers to oriented growth of a crystalline film on a
crystalline substrate.

8Heteroepitaxy means that the substrate and the layer are made from different materials or
of different crystal structure .

9Homoepitaxy means that the substrate and the layer are made from the same material.
10In case of thermodynamic equilibrium the rate of solidification and vaporisation are equal

and thus no crystal growth can occur.
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∆G = ∆µ−∆γ − Estrain, (2.3.4)
with

∆γ = γfilm − γsubstrate + γinterface (2.3.5)
where γsubstrate and γfilm are the surface free energies of the substrate and

the film, respectively, and γinterface denotes the inter-facial energy. From eq.
2.3.4and 2.3.5 follows that the driving force for heteroepitaxial growth depends
in addition to the supersaturation also on the difference of the surface energies
between substrate and film, the magnitude of the strain and thickness of the
film. Even in the case that the vapor is supersaturated, the driving force for the
epitaxial growth may vanish, if the lattice mismatch between the substrate and
the layer is too large. On the other hand , epitaxial growth can occur in the case
of under-saturated vapor if the strain is negligible and the surface free energy of
the film is lower than that of the substrate and the inter-facial energy together (
if γfilm - γsubstrate+ γinterface > ∆µ ).
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Figure 2.3.1.: Schematic representation of the three possible growth modes: a)
layer by layer growth (Frank-van der Merwe), b) layer growth fol-
lowed by island growth ( Stranki-Krastanov) and c) island growth
(Volmer-Weber)

2.3.2. Crystal growth mode
The growth of crystalline material follows one of three possible growth modes:

1. Frank-van der Merwe growth or layer-by-layer growth (fig. 2.3.1a))

2. Volmer-Weber or threedimensional island growth (fig. 2.3.1c) )

3. Stranski-Krastanov a layer-by-layer growth followed by island growth (fig
2.3.1b) )

Following Bauer [54] these growth modes are essentially controlled by the free
energy balance of the epitaxial system γes, which depends on the free surface
energies of the substrate γsubstrate, the layer γllayer and the energy of the interface
between the layer and the substrate γinterface.

∆γes = γlayer + γsubstrate − γinterface (2.3.6)

Frank-van der Merwe Layer by layer growth takes place if the atoms are
more strongly bound to the substrate than to each other. This means that the
free energy of the epitaxial system is lowered by the formation of a closed layer
(∆γes ≤ 0).

Volmer-Weber In the island growth mode, small clusters nucleate directly on
the substrate surface and grow into islands. This happens if the formation of a
closed layer would increase the free energy of the epitaxial system, i.e. ∆γes ≥ 0.

Stranski-Krastanov This growth mode is an intermediate case. After the for-
mation of a few mono-layer, the layer by layer growth mode undergoes a transition
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into island growth. This happens if the surface free energy of the deposited ma-
terial is lower than that of the substrate. Thus formation of a 2D layer results
in surface energy reduction. If the deposited material is strained due to lattice
mismatch the layer is inherently unstable against island growth, which relaxes
the strain energy elastically. Marée et al. [55] showed that the appearance of
the Stranski-Krastanov grows mode can be understood by considering the strain
energy δ in equation 2.3.7:

∆γes = γlayer + γsubstrate − γinterface + δ(i) (2.3.7)
The strain energy δ(i) depends on the number of mono-layer deposited on the

substrate and will be positive and increases linearly with the coverage. This
means, that in the beginning δ(i) is small, and the free energy of the epitaxial
system is negative (∆γes ≤ 0). With increasing thickness the strain energy term
increases until the free energy becomes positive (∆γes ≥ 0) leading to the growth
of islands.

2.3.3. Kinematic processes on surfaces
While the thermodynamics provide the driving force for crystal growth, the actual
growth of epitaxial layer is also governed by the kinematic processes of ad-atoms
or molecules on the growth surface.

Figure 2.3.2.: Schematic sketch of the typical processes occurring during epitaxial
vapor phase growth: a) Adsorption of ad-atoms on the surface. b)
Diffusion of ad-atoms on the surface. c) Incorporation of ad-atoms
at a kink site of a surface step. d) Two ad-atoms encounter and
nucleate an island and incorporation of an ad-atom into an existing
island. e) Desorption of an ad-atom from the substrate. f) Direct
impingement of an ad-atom on an existing island.

Fig. 2.3.3 shows a schematic of the typical processes occurring during epitaxial
growth on a stepped surface. Atoms impinge on the perfect surface (a) with a flux
F. Once adsorbed as ad-atoms, they diffuse with a diffusion constant D on the
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surface (b). They then either attach to kink-sites at surface steps (c), meet other
ad-atoms to form dimers (d) or attach to existing islands (either at island edges
or on top of them) (f). Ad-atoms attached to islands or surface steps can detach
or diffuse along the island edges or step edges respectively. At high temperature,
some ad-atoms can re-evaporate (e). To describe the evolution in time of the
local distribution of ad-atoms n(−→x , t) one has to solve a diffusion equation of the
form:

∂n(−→x , t)
∂t

= D∇2n(−→x , t) + F −Dξ−2n(−→x , t) + f(n(−→x , t); τd; ...) (2.3.8)

withD being the diffusion constant, F the incoming flux of atoms, ξ−2the mean
distance a ad-atom travels before attaching to another ad-atom or an island and
f(n(−→x , t); τd; ...), accounting for desorption of an ad-atom with a desorption rates
τ−1
d ,etc.. To solve this equation would requires the knowledge of an immense
amount of constrains and is out of practical possibility. Different approaches
exist to model the processes of nucleation on surfaces like kinetic montecarlo
simulations (KMC) or the rate equation approach (RE). In the following a brief
introduction into the rate equation approach will be given, following the work by
Frankel and Venables [[56][57]].

Rate equation approach Instead of describing the local distribution of ad-
atoms and islands on a surface it is in the most cases sufficient to derive the mean
ad-atom densities n1 and the mean amount of island ni of the size i. Assuming
that only single atoms are mobile on the surface the rate equations can be written
as:

dn1

dt
= R− n1

τA
− 2U1 −

∞∑
i=2

Ui (2.3.9)

here R represents the arrival of single atoms, τ−1
A their desorption rate, U1 the

combination rate of two singles into a pair, and Ui the capture rate of singles
ad-atoms by clusters. The amount of island on the surface can be derived by:

dni
dt

= Ui−1 − Ui (2.3.10)

here Ui is the net rate at which islands of size i are converted to islands of size
(i+ 1) by capturing of additional ad-atoms.
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2.3.4. Pulsed Laser Deposition PLD

Figure 2.3.3.: a) shows a schematic drawing of an typical PLD chamber. An
target of the desired material is hit by a laser beam exiting a plasma
plume, leading to an deposition of material on the heated substrate.
b) different steps of excitation of the plasma plum by the laser
beam.

Pulsed laser depositon (PLD) is a physical vapor deposition (PVD) technique.
Figure 2.3.3 shows a sketch of the principle. A laser beam is focused onto a
ceramic target, which is located in an vacuum chamber, and contains the material
to be deposited on the substrate. In a simplified manner the laser-solid interaction
can be described as following (see figure 2.3.3 b) )[58]. As the laser beam hits
the target, the photon energy is absorbed at the surface, causing surface heating.
The local increase of the surface temperature depends on the optical absorption
coefficient and thermal diffusivity of the target, and the rate at which energy is
deposited into the system. The increasing temperature leads to surface melting
and finally vaporization. Photo-ionization of the evaporated material by non-
resonant multi-photon processes, leads to the formation of an expanding plasma.
The created plasma interacts with the laser beam by free electron scattering,
until the electron concentration decreased sufficient, due to the motion of the
plasma. The created plasma plume is cone-shaped with a highly forward peaked
distribution,with a similar composition as the target. The plasma plume hits
after a time of flight depending on the distance from the target the substrate,
which is heated to growth temperature by a heater. The incoming flux of atoms
leads to a supersaturation on the surface of the substrate, initiating layer growth.
The incoming flux of ions on the substrate has high kinetic energies, which on the
one hand enable growth at lower substrate temperatures but on the other hand
may lead to structural defects by ion damage.
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The samples studied in this work have been grown at the University of Leipzig
by the group of Holger v. Wenckstern [59],[60]. Typically layers with a thickness
of 150nm where grown onto double side polished (0001) sapphire substrate, at
a substrate temperature of 650◦C and an oxygen background pressures of 3 ×
10−4 mbar. A KrF excimer laser (λ = 248 nm) with a pulse energy of 600 mJ
and a repetition rate of 15Hz is used for ablating the target.

2.3.5. Molecular Beam Epitaxy MBE

Figure 2.3.4.: Schematic of an MBE growth chamber. The epitaxial growth is
induced via the interaction of one or several molecular or atomic
beams on a surface of a heated crystalline substrate. The growth is
usually monitored by different in-situ analysis methods like RHEED
or mass spectrometric measurements

Molecular beam epitaxy (MBE) is like PLD a physical vapor deposition (PVD)
technique. The epitaxial growth is induced via the interaction, that occurs on a
surface of a heated crystalline substrate, of one or several molecular or atomic
beams, which are generated by the evaporation of a solid sources. In figure 2.3.4
a sketch of the principle is shown. The main components of a typical MBE
system are the ultra high vacuum (UHV) chamber, a substrate heater at which
the substrate is mounted, and effusion cells, producing the molecular beams. The
effusion cells used in MBE systems exploit the evaporation process of condensed
materials as molecular flux source in vacuum. On the one hand UHV conditions
in MBE growth, gives the opportunity to apply of a broad spectrum of in-situ
characterization tools like mass spectroscopy and reflection high energy electron
diffraction (RHEED). On the other hand impurities have a very high mean free
path and thus MBE layer often suffer from a high amount of impurities, which
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were present in the source material. For a more detailed description the reader
is referred to text books (e.g [49],[50])

All MBE samples investigated in this work have been grown at the Paul Drude
Institut Berlin in the group of Oliver Bierwagen. The Ga2O3 layer were grown
on one-side-polished c-plane sapphire substrates in a custom-made MBE system.
The rough back of the substrate was sputter-coated with titanium to improve
radiative substrate heating. During growth, the substrate temperature was mea-
sured with a pyrometer and maintained at TSub = 675 °C. A standard shuttered
hot-lip effusion cell was used to evaporate liquid gallium, and a PCS-RF-AN
radio frequency plasma source run at 300W with a mass flow controller supp-
lied mono-atomic oxygen from research-grade O2 gas. A fixed gallium flux with
a beam-equivalent pressure (BEP) of 9.9 × 10−8 mbar was supplied at the cell
temperatures TGa = 750◦C and THotLipGa = 850◦C. The provided oxygen flux of
3 sccm resulted in an oxygen BEP of 4× 10−5 mbar. The samples were usually
grown for 70min, resulting in a film thickness d of 120nm.

2.3.6. Metal Organic Vapor Phase Epitaxy (MOVPE)

Figure 2.3.5.: a) shows a schematic drawing of a typical MOVPE growth champer.
b) shows an image of the commercial MOVPE machine used for the
growth of β-Ga2O3layer studied in this thesis.

Metal organic vapor phase epitaxy (MOVPE)11, is a chemical vapor deposition
(CVD) process. In this case the epitaxial growth is induced by the thermal
dissociation and reaction of metal-organic (MO) precursors on the substrate.
Figure 2.1.1a) shows a schematic sketch of the principle. In the case of liquid
MO precursors, the source is stored in a bubbler, where it forms a vapor above
the liquid because of the high vapor pressure of these materials (e.g TMGa has
a vapor pressure of 871 mbar at 0°C [51]). The carrier gas (Ar, or H2) is passed
through the bottom of the liquid via a dip tube, and transports afterwards the

11Other names in literature are MOCVD for metal organic chemical vapor deposition and
OMCVD for organometallic chemical vapor deposition.
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Figure 2.3.6.: Growth rate dependence on the temperature of the MOVPE
process.

MO source to the reaction chamber. Under thermodynamic equilibrium between
the vapor and the liquid the molar flow ν (in moles/min) can be expressed as:

ν =
(
Pνfν
RTstd

)
Pstd
Pcyl

(2.3.11)

with Pνthe vapor pressure of the metal-organic species at the temperature of
the bubbler, fν the volume flow rate of the carrier gas through the bubbler (in
1/min), k the gas constant, Tstd = 273K, Pstd = 1 atm and Pcyl the total pressure
in the bubbler. The MO precursor decomposes in the reaction chamber either
in the vicinity of the heater/substrate or directly on the substrate. Following
Stringfellow et al.[42] the MOCVD growth process can be divided into four zones:
a reactant input zone, a reactant mixing zone, a boundary layer zone immediately
above the substrate, and the growth on the substrate surface, itself. Competing
processes that impact growth include gas phase reactions during reactant mixing,
reactant diffusion and/or pyrolysis in the boundary layer above the substrate, and
thermodynamic or kinetic rejection of species from the substrate.

For application of the MOVPE process to the growth of layer for device appli-
cations a step-flow growth is desired in combination with a growth rate as high
as possible. The growth rate in MOVPE process is dependent on the specific
temperature, and 3 distinct regions can be separated, depending on the main
rate limiting process (see figure 2.3.6).

Thermodynamically limited growth In this regime thermodynamics limits the
maximum growth rate in the system. The driving forces of the growth process
is an excess of Gibbs free energy (∆G > 0) and is directly connected to the dif-
ference in the chemical potentials (eq. 2.3.2) of the vapor and the solid phase.
The chemical potentials depend (eq 2.3.3) on the different partial pressures of p,
of the gas and p0 as the equilibrium or saturated vapor pressure at the tempera-
ture of the solid. In the thermodynamically limited regime the growth rate may
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be limited by the reactant depletion on the vapor/surface interface, by surface
desorption or re-evaporation.

Mass transport limited growth With increasing temperature the growth rate
becomes independent on the thermal dissociation of the precursors and is mainly
affected by the gas flow in the system (transport limited). The mass trans-
port, governs the access of volatile precursors to the substrate and their diffusion
throughout the vaporized boundary layer. Mass transport is closely linked to hyd-
rodynamics, that controls the transport of precursors by the carrier gas towards
the growing solid/vapor interface. The diffusion rate during mass transport does
not depend on the substrate temperature, but on the one hand on the partial
pressure of the source gases and on the other hand on the configuration of the
MOVPE growth reactor. The growth geometry of the chamber influences the
distribution of vortex and laminar gas flows within the chamber. In practice
MOVPE growth is performed in the mass transport limited regime, since the
growth rate can be controlled more precisely and shows a linear relationship to
the gas flow.

Kinetically limited In the kinetically limited growth regime the growth rate is
mainly governed by the chemical reaction of the precursor molecules and kinetic
processes on the substrate. During MOVPE growth, chemical reactions can be
subdivided in homogeneous and heterogeneous reactions. Homogeneous reactions
are chemical reactions between species within the gas phase, which also includes
the pyrolysis (thermal decomposition) of the precursors molecules into ad-atoms.
Heterogeneous reactions describe all reactions that take place at the solid interface
and involve interaction of vapor with the surface in solid phase, like the adsorption
of atoms on the surface. During the adsorption process a chemical bond is formed
between the adsorbate and the surface. An other process is the pysisorbtion of
molecules or ad-atoms, reaching the surface, by bonding through the weak van
der Waals forces. Ad-atomes or molecules can either desorb or diffuse to a proper
growth sites such as surface steps, kinks or form independent clusters (islands) on
the surface . The rates of all kinetic reactions is the product of the concentration
and the rate constant, that increase with the temperature T , and can be described
by an Arrhenius relation:

k = Ae−
Ea
RT (2.3.12)

where Ea is activation energy of the reaction. Therefore, at a low temperature
regime the growth rate is limited by low rates of chemical reactions, as well as
low rate of surface migration and incorporation of atoms into lattice, but also of
the low rate thermal dissociation of the metal organic precursors.
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Figure 2.3.7.: Stick and ball models of the metal organic precursors tri-methy-
gallium (TMGa) and tri-ethyl-gallium (TEGa).

2.3.6.1. Precursor

One of the main differences between MOVPE on the one side and PLD and
MBE growth on the other side, is the fact that in MOVPE kinds metal-organic
molecules are use instead of the pure elements. In this thesis we used mainly
the metal organic precursors Tri-methyl-gallium (TMGa) and Tri-ethyl-gallium
(TEGa), which are well established precursor in the growth of semiconductors
like GaAs or GaN.

Figure 2.3.7 shows stick and ball models of the metal organic precursors tri-
methy-gallium (TMGa) and tri-ethyl-gallium (TEGa). In the case of TMGa, the
Ga atom is bound to three methyl groups, consisting of an carbon atom and three
hydrogen atoms, while in the case of TEGa the gallium atom is bound to three
ethyl groups (two carbon atoms and in sum 5 hydrogen atoms). Investigations
by Mc Caulley et al. showed that TEGa decompose at lower temperatures than
TMGa [61], because of a weaker bonding between the gallium and the ethyl group
than the methyl-group.

An important fact is that both precursor show different thermal decomposition
pathways [62][63][64].

TMGa is known to pyrolyze through a two-step uni-molecular reaction with
the loss of methyl groups and the formation of mono-methyl-gallium:

TMGa : Ga(CH3)3 → Ga(CH3) + 2CH3• (2.3.13)
The dissociation of TEGa follows a three-step β-hydride elimination reaction

with the formation of gallium hydride and ethylene as by products [63]

Ga(C2H5)3 → HGa(C2H5)2 + C2H4 (2.3.14)

HGa(C2H5)2 → H2Ga(C2H5) + C2H4 (2.3.15)
H2Ga(C2H5)→ GaH3 + C2H4 (2.3.16)

To the best of our knowledge no data on the reaction pathways between the
metal-organic precursors and water or pure oxygen is present in literature. While
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in the case of TMGa the formation of β-Ga2O3 can be observed with water and
pure oxygen (see chapter 4), in the case of growth with TEGa as a metal precursor
growth is observed exclusively with pure oxygen. This may be understood by the
different possible reaction pathways of TEGa and the oxygen source:

growth wit TEGa and H2O Gallium hydride is expected to form Ga2O3with
H2O through the reaction:

2GaH3 + 3H2O → Ga2O3 + 6H2 (2.3.17)

growth wit TEGa and O2 In the case of growth with O2 gallium hydride may
follow the following reaction:

2GaH3 + 3O2 → Ga2O3 + 3H2O (2.3.18)
Reaction2.3.18 is certainly favored since the equilibrium is shifted to the product
side due to the formation of a very stable molecule as water, with a standard
Gibbs free energy of formation (∆Gf

0) of -161 kJ/mol at 850°C and 5 mbar. On
the other hand, water has to dissociate in order to promote reaction (2.3.17)
that seems to be less probable (no growth was observed). This behavior has
been confirmed by calculating the Gibbs free energy (∆G) of the two reactions
concerned by means of the FactSage software package. At 850 °C and 5 mbar, in
fact, reaction (2.3.18) has a ∆G of −2.07 × 106 J, which is more negative than
the one for reaction (2.3.17), equal to −1.11× 106 J.

It should be mentioned that the growth with TEGa can reduce the incorpora-
tion of carbon (at least in the case of GaAs) by a factor of 104 [65].

2.3.6.2. Impurity doping and electrical properties

Un-doped β-Ga2O3 is semi-insulating. For electric devices application the electric
properties need to be controlled by impurity doping. In the present case we used
tetra-ethyl-ortho-silicate (TEOS) and tetra-ethyl-tin TESn as dopands. Varley
et al. showed that Sn and Si are forming shallow donors when incorporated on
an tetrahedral and octahedral position, respectively.

It must be stated that no conductive material was achieved, when growth was
performed with TMGa, independent on the used dopands (e.g. Sn and Si) and
growth conditions, while in the case of growth with TEGa and oxygen electrical
conductivity was achieved .

Three possible reasons may be identified:

• point defects like gallium vacancies

• crystal defects like dislocations and twins

• incorporation of an high amount of carbon
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Korhonen et al. [66] showed by Positron Annihilation Spectroscopy the presence
of Ga vacancies (or vacancy complexes) to be present in the layer grown with
TMGa and water with vacancy concentrations above nVGa> 1017cm−3. These
gallium vacancies may act as acceptors. Varley et al. [67] showed that gallium
vacancies act as deep acceptors with the charge transition level ε(−2/ − 3) well
below the conduction band minimum. These levels occur 1.62 eV below the CBM
for the V I

Ga and 1.83eV below for the V II
Ga.

The third possibility is compensation by carbon. While carbon on a gallium
site would act as a shallow donor [68] it would act as a deep acceptor on oxygen
sites and may form complexes with hydrogen which also would lead to acceptor
states [69]. A possible way to reduce carbon incorporation in MOVPE growth is
to change the metal precursor. In case of GaN growth the C incorporation can
be drastically reduced when using tri-ethyl-gallium (TEGa) instead of tri-methyl-
gallium (TMGa) [70]. Putz et al. showed that the carbon incorporation during
growth of GaAs can be reduced by a factor of 104[65].

The influence of crystal defects on the electrical properties of the layer will be
discussed briefly in section 6 and in detail by [71] .

Experimental setup All homoepiaxial samples studied in this work have been
grown by metal-organic vapor phase epitaxy (MOVPE). The samples were grown
in a commercial vertical MOVPE reactor (SMI) (fig.2.3.5 ) under low-pressure
conditions (5–50 mbar). The temperature is varied between 750°C and 850°C.
This temperature window results from thermal dissociation of the MO precursor
on the colder end and the limits of the heater at high temperature. As MO precur-
sors Tri-methyl-gallium (TMGa) and Tri-ethyl-gallium (TEGa) are used, while
H2O and molecular oxygen served as oxygen source. Typical layer thicknesses
varied in the range of 50 – 500 nm.
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Figure 2.4.1.: Flow-chart of the inter-conversions of the polymorphs of Ga2O3 as
described by Roy et al. [1]

2.4. Structure and properties of different Ga2 O3
polymorphs

Most of the different polymorphs of Ga2O3 have first been described as early as
1952 in the fundamental work of Roy et al [1]. In this work different polymor-
phs have been chemically synthesized and studied by X-ray diffraction. Figure
2.4.1shows the chemical synthesis routes in the Ga2O3 system as described by Roy
et al. [2]. When starting with gallia gels12 thermal decomposition leads to the
formation of either γ-Ga2O3 or α-Ga2O3 , with a defective spinel or corundum
structure, depending on the specific heat treatment. These polymorphs trans-
form to the stable β-Ga2O3 upon heating to a temperature above 650° and 600°C
for γ-Ga2O3 or α-Ga2O3, respectively. By dissolving the metallic gallium in ni-
tric acid, and decomposing the resulting nitrate at 250°C they obtained a purely
crystalline phase which they indexed as δ-Ga2O3 with a cubic bixbyite structure
similar to the stable polymorph of In2O3. Newer investigation by Playford et
al. [2] indicate that this intermediate phase is rather a mixture of β phase and
ε phase than cubic bixbyite phase. Further thermal decomposition leads to the
formation of ε-Ga2O3 with a hexagonal symmetry and the space-group P63nm.
By heating this phase above 870°C it will transform into the most stable β mo-
dification. Recently, several authors [72],[73] reported the formation of ε-Ga2O3
on c-plane sapphire, by methods like halide vapor phase epitaxy (HVPE), metal
organic vapor phase epitaxy (MOVPE), mist chemical vapor phase epitaxy (Mist

12an aqueous solution of the gallium nitrate with additional ammonia
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CVD) and atomic layer deposition (ALD). Recent transmission microscopic in-
vestigations by Cora et al. [3] showed that in case of layer grown on sapphire
the formation of κ-Ga2O3 (space group Pna21) with 3 distinct rotational grains
mimicking the presence of a hexagonal symmetry.
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Figure 2.4.2.: Stick and ball models of the unit cell of the different metasable α
, γ and κ polymorphs of Ga2O3 in different projections. Gallium
and oxygen atoms are green and red, respectively. In case of γ-
Ga2O3partially filled balls correspond to the amount of occupancy
in the structure.
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2.4.1. Structure and properties of meta-stable and supposed
Ga2 O3 polymorphs

Figure 2.4.3.: Stick and ball models of the unit cell of hypothetical ε and δ po-
lymorphs of Ga2O3 in different projections. Gallium and oxygen
atoms are green and red, respectively.

α-Ga2O3 In the group of metastable polymorphs the α modification is the struc-
turally most investigated one. This phase has the rhombohedral corundum struc-
ture, with the space group R3̄c, similar to sapphire. The lattice parameter are
a = 0.4979 nm and c = 1.3432 nm. The optical bandgap has been estimated
to EG= 5.3 eV from heteroepitaxial layer grown on sapphire by mist CVD [74].
Annealing experiments by Lee et al. [75] of layer grown by mist CVD showed a
temperature for the phase-transition from α to β modification of 600°C.
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Figure 2.4.2 shows stick and ball models of the unitcell of α-Ga2O3 projected
along the [101̄0] and [112̄0] direction of the lattice. The oxygen atoms (red)
forming a hexagonal close packed sub-lattice with aluminum atoms sitting in 2/3
of the octahedral sites.

γ-Ga2O3 γ-Ga2O3 is a metastable polymorph of Ga2O, which transforms to the
most stable β modification by heating to about 700°C [76]. The structure is
similar to that of γ-Al2O3, a cubic, cation-deficient spinel with partial occupancy
of both tetrahedral and octahedral sites. Figure 2.4.2 shows a average structure
of the unitcell as reported by Playford et al. This structure does not, however,
describe the local structure of γ-Ga2O3, since the completely random distribution
of gallium atoms would lead to physically implausible Ga-Ga distances (< 2.4Å).

κ-Ga2O3 κ-Ga2O3 was first reported by Playford et al. [2] who studied the
polymorphism in the Ga2O3 system by neutron diffraction of chemical synthesized
samples. κ-Ga2O3has a orthorhombic structure with space group Pna21. In
κ-Ga2O3 the oxygen positions can be described as a 4H (ABAC) close-packed
stacking and Ga3+ ions occupy octahedra and tetrahedra forming two types of
polyhedral layer parallel to (001). The edge-sharing octahedra and the corner-
sharing tetrahedra form zig-zag ribbons along the [100] direction. Cora et al.
reported unit cell parameter of a = 5.0463Å, b = 8.7020Å and c = 9.2833Å. [3]
This structure is named regarding its Al-oxide analogue the κ-alumina. It should
be mentioned that in literature often this phase is also denoted as orthorhombic
ε-Ga2O3, after its analogue in the iron oxide system ε-Fe2O3, which leads to a
high amount of confusion in literature.

ε-Ga2O3 ε-Ga2O3 was first reported by Roy et al. [1] and later reappraised by
Playford et al [2]. They assigned this polymorph to the hexagonal P63mc space
group, consisting of a 4H stacking of close-packed oxygen layers, in which the
disordered Ga atoms occupy octahedral and tetrahedral sites to give the 2 : 3
stoichiometry. As unit cell parameter Boschi et al reported a = 2.9081Å and
c = 9.262Å. Several authors claimed to have grown ε-Ga2O3 on (0001) sapphire
substrates, by methods like MOVPE and ALD [73] or HVPE [72]. New results by
Cora et al [3] indicate that these layer are consisting of small rotational domains
of the κ phase which mimic the higher symmetry of P63mc rather than consisting
of the ε phase.

δ-Ga2O3 The δ-Ga2O3 has been describe in the work by Roy et al. [1]. The
structure was assigned to be the C-type rare earth, the so called bixbyite struc-
ture, , with the space group Ia3̄. This structure is similar to the structure of
In2O3or Mn2O3. As a cubic lattice constant he gavea = 10Å. The bixbyite
structure can be developed from the CaF structure by removing a quarter of the
anions from in the ideal structure, arranged at either a face diagonal or a body
diagonal. There are 48 anions in edge positions, 16 missing anions, 8 cations in
Wyckoff positions b and 24 cations in d-positions, resulting in a total of 80 atoms
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per unit. Playford et al. [77] showed that this structure is not a distinct poly-
morph, and that Roy et al. incorrectly assigned a forbidden peak in an I-centered
lattice. Comparison with neutron diffraction data showed that δ-Ga2O3 could be
a nano-crystalline modification of κ-Ga2O3, rather than a distinct polymorph.
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2.4.2. Structure and properties of β-Ga2 O3

Figure 2.4.4.: Stick and ball model of the unitcell of β-Ga2O3 projected along the
[010], [001] and [100] direction. While red spheres correspond to
oxygen atoms, dark green and bright green spheres correspond to
tetrahedral and octahedral bound gallium atoms.

β-Ga2O3 exhibits a monoclinic structure with the space group C2/m. The lattice
parameters are a= 1.221400 nm , b= 0.303710 nm and c= 0.579810 nm and a
monoclinic angle of β=103.8° between the a and c axis [81].The main properties
are summarized in table 2.4.2. The monoclinic angle induces a deviation of the
surface normal of the a and c plane from the crystallographic a and c axis. For
example the surface normal of the a-plane is the [201] direction. In the unit
cell gallium occupies 2 different sites (see 2.4.4), namely the Ga (I) site which
is tetrahedral coordinated by oxygen and the Ga (II) site where gallium atoms
are octahedral coordinated. Oxygen occupies three different sites. The O (I)
and O(III) sites are 3-fould coordinated by Ga atoms while the O(II) site is
tetrahedral coordinated. Two different possible surface terminations on the (100)
and (001) plane are possible. They are referred to in literature as A and B
termination [86],[87],[88] and are indicated in Figure 2.4.4 for the (100) plane.
The A termination on the (100) plane is formed by cleaving the Ga(II) – O(III)
bonds, while leaving the Ga(I) – O(III) bonds intact, which results in two identical
surfaces per unitcell. The surface can be described by O (III) sites arranges as
rows along the [010] direction. These oxygen atoms are bonded to Ga (I) lying
deeper in the unit cell. Between each of these a row of Ga(II) sites are located,
leading to an alternating structure of O (III) and Ga (II) sites along the [001]
direction on the surface, with singly unsaturated sites compared to the bulk. The
B termination results of a cleaving of the Ga (II) – O (II) bonds. These leads
to a surface termination by alternating rows of singly unsaturated Ga (II) and O
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(II) sites, and fully coordinated O(I) rows along the [001] direction.

Figure 2.4.5.: a) and b) STEM HAADF images of a fresh cleaved surface and a
MOVPE grown layer, respectively.

Figure 2.4.5a) and b) show a STEM HAADF image of the surface region from a
cleaved crystal and a MOVPE grown layer, respectively. Bright dots correspond
to the gallium columns in the [010] projection. The images have been superim-
posed with a stick and ball model of the β-Ga2O3unit cell. Following the lozenge
shaped arrangement of the Ga atoms in the Ga2O3 unit-cell along this projection,
it is possible to allocate the exact position of the nonequivalent gallium sites. It
is clear that the last monolayer of the Ga2O3 is positioned at three quarter of the
unit-cell, which corresponds to B termination like predicted by Bermudez et al.
[87]. Thus cleaving breaks the bonds between the Ga (II) and O (II) sites in the
lattice.
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property value reference
crystal structure monoclinic [89],[81]

space group C2/m [89],[81]
lattice parameters

a 12.214Å [81]
b 3.0371Å [81]
c 5.7981Å [81]
β 103.83° [81]

dielectric constant 9.9-10.2 [90]
band gap 4.7 eV [4]

4.85 ±0.1 eV [91]
melting point 1795°C [92]

1740°C [1]
1820°C [20]

specific heat 0.56 J g−1K−1 [93]
thermal conductivity

[100] 11±1.0 W/mK [94]
13 W/mK [92]

[010] 29±2 W/mK [94]
[2̄01] 13.3±1.0 W/mK [95]
[001] 21±2 W/mK [94]

refractive index @ 532 nm
|| [010] 1.9523 [96]
|| [201] 1.9201 [96]

Table 2.4.2.: Overview on the material properties of β-Ga2O3
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Figure 2.4.6.: a) schematic drawing of an typical Czochralski growth chamber. b)
insulating Mg-doped (yellowish) and as-grown semiconducting β-
Ga2O3 bulk crystals grown by the Czochralski method in the IKZ
Berlin. c) 5 × 5 mm substrates cut and polished from the bulk
crystals shown in b).

2.4.3. β-Ga2 O3 Substrates
A key advantage of β-Ga2O3 compared to other wide band gap semiconductors
is the availability of native substrates that can be fabricated from bulk single
crystals grown from the melt. Different melt growth techniques have been utilized
for this purpose like Floating Zone (FZ) [23], Edge-Defined Film Fed Growth
(EFG) [21] and Czochralski (CZ) [97], [93], [98] methods.

Czochralski grown substrates (100) oriented substrates have been cut and po-
lished from crystals grown by the Czochralski method at the Leibniz-Institut für
Kristallzüchtung (IKZ Berlin). Figure 2.4.6 a) shows a sketch of the Czochralski
growth. The crystal is pulled from the Ga2 O3melt, located in an Ir crucible,
at a temperature of about 1800°C. To prevent the oxidation of the crucible the
growth takes place in an dynamic self-adjusting growth atmosphere containing
CO2. The resulting crystals have a typical length of about 5 cm and a diameter
of about 2 cm ( see fig. 2.4.6 b) ). As-grown crystals are semiconducting and
exhibit a slight bluish colorization due to free electron absorption. The conducti-
vity of these crystal is attributed to residual dopands ( mainly Si ) in the raw
material [4]. By adding small amounts of Mg it is possible to fully compensate
all remaining donors, to achieve semi-insulating substrates.

The substrates are cut and polished from the above mentioned crystals by
Crystec GmbH in Berlin. The as-received substrates are typically 1 × 1 cm2or
0.5× 0.5 cm2 in size ( fig 2.4.6 c)).

As-received substrates (see fig. 2.4.7) showed smooth surfaces with a roughness
of 0.17 nm, while no surface steps where observable independent on the desired
miscut angle. After solvent cleaning with acetone and isopropanol in ultrasonic
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Figure 2.4.7.: AFM image of an as received substrates (left) showed no surface
structures independent on the miscut angle introduced during sub-
strate preparation. Annealing of these substrates in oxygen atmos-
phere at 1000°C leads to the removal of the surface damage layer
and stepped structures become observable at the surface.
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Figure 2.4.8.: AFM image of an As-received and an (010) oriented substrate after
thermal annealing in oxygen containing atmosphere.

bath, the substrates were annealed in oxygen atmosphere at 1000 °C for 60 min
to remove the damaged subsurface layer layer. After this process, the substrates
showed a well defined stepped surface with a step height of about 0.6 nm, corre-
sponding to half a unit cell along the (100) direction and terrace width depending
on the desired miscut angle during polishing process.

Edge-Defined Film Fed Grown substrates For growth experiments on the
(010) plane of β-Ga2 O3 commercial semi-insulating (Fe-doped) β-Ga2 O3 sub-
strates from Tamura company have been used. The substrates are grown by edge
defined film fed growth (EFG), more on the EFG substrates can be found in ref
[21]. Prior to growth, the substrates were cleaned with acetone and isopropanol,
rinsed by de-ionized water, and dried with nitrogen flow. Figure 2.4.8 a) shows
a typical AFM image of a (010) β-Ga2 O3substrate in the as-received state. In
contrast to substrates with a (100) orientation growth was performed on substra-
tes in the as-received state only. Figure 2.4.8 b) shows a (010) β-Ga2 O3 after
thermal treatment in oxygen atmosphere. The surface is characterized by small
needle like patches, bound by (100) and (001) facets. The formation of these
surface features hinder the applicability of the annealed substrates for epitaxial
growth.
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3. Epitaxial stabilization of α-Ga2O3
on (0001) α-Al2O3

In this Chapter, we will show that a single crystalline α -Ga2O3 layer can be grown
coherently on a sapphire substrate (0001) by metal-organic vapor phase epitaxy
(MOVPE), MBE, and pulsed-laser deposition (PLD) up to a critical thickness of
3 monolayers at temperatures ranging between 650 and 800 °C, i.e., well above the
experimentally determined temperature for the transition between the α-phase
and the β-phase. We show further that plastically relaxed β-Ga2O3 grows on
top of the pseudomorphic coherent α -Ga2O3 layer as often described by domain
matching epitaxy. It causes the formation of rotational domains induced by the
symmetry mismatch between the monoclinic β-phase and the trigonal α -phase
observed also by other authors. [99]

3.1. experimental results

Figure 3.1.1.: The figure shows STEM HAADF images of typical layer grown on
sapphire by MOVPE, PLD and MBE.

Figure 3.1.1shows cross-sectional STEM HAADF images of β-Ga2O3 grown on
c-plane sapphire by MOVPE, PLD and MBE. The layers are grown at 800°C,
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650°C and 675°C respectively. The structures of the layer are very similar and
independent of the growth method used. Three regions can be distinguished. The
bottom part of the images shows the α-Al2O3 substrate in the [112̄0] orientation.
In the top part of the image, the thick textured β-Ga2O3 film is visible, showing
two different contrast patterns. On the right side two magnified details of these
micrograph are shown. Part I and II show grains in [010] and [132] projection,
respectively. The images are superimposed with a HAADF image simulations
and a stick and ball model of the β-Ga2O3 unitcell in the particular direction.
Both orientation can be generated by a rotation of the grains by ∼60° in the (2̄01)
planes of β-Ga2O3with respect to each other. These are two of the six expected
domains that were reported, for example, in Ref. [100], originating from the
symmetry mismatch between the monoclinic β-Ga2O3 and trigonal structures of
the sapphire substrate. [101]. The domains are separated by grain boundaries,
marked by white lines as guide for the eye. It should be noted that the grain
boundaries are not in all cases aligned parallel to the beam , which leads to a
superposition of the lattice patterns of the different grains in some areas.

In the interface region between the β-Ga2O3 and α-Al2O3 layers a thin single
crystalline inter-layer is present, which is distinguished from the substrate by a
higher HAADF intensity and a different contrast pattern, which shows a rectan-
gular arrangement of bright pots in contrast to the “zigzag” pattern present in
the α-Al2O3 substrate. These inter-layer is present independently on the growth
method. In the following, we will focus on the nature of this thin inter-layer.

Figure 3.1.2.: STEM HAADF images of the interface region of a β-Ga2O3 layer
grown by MOVPE and the sapphire substrate in (a)

〈
112̄0

〉
and

(b)
〈
11̄00

〉
orientations. The inset shows respective STEM HAADF

simulations by the frozen phonon approach, for a three monolayer
thick α-Ga2O3 layer on top of sapphire and the corresponding struc-
tural models for comparison.

To elucidate its structure in more detail STEM HAADF images were recorded
in the 〈112̄0〉 and the〈11̄00〉 zone axis of the sapphire substrate, as displayed in
Fig. 3.1.2. In both projections the inter-layer appears with higher HAADF in-
tensity compared to that of the α-Al2O3 substrate, indicating that atoms forming
the inter-layer have a higher mean atomic number than the Al and O atoms of
the substrate. In the 〈11̄00〉 projection the “zigzag” pattern in the α-Al2O3 is a
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result of the comparable atomic number of Al (Z=13) and O (Z=8) leading to a
similar contrast of the atomic columns of Al and O, while the inter-layer shows
a rectangular arrangement of the atomic columns. In the 〈112̄0〉 projection the
image pattern of the substrate shows a dumbbell configuration of the Al atomic
columns, while the contrast of the oxygen columns is, in contrast to the 〈11̄00〉
projection, suppressed. The configuration of the inter-layer follows that of the
substrate, indicating an identical crystal symmetry and full coherency with the
α-Al2O3 substrate in this projection. The higher intensity of the inter-layer in
HAADF images as compared to the substrate on one side and the identical cry-
stal symmetry of substrate and layer found in the 〈112̄0〉 projection suggests the
inter-layer to be composed of Ga2O3 in the α-phase.

To corroborate this assumption, STEM-HAADF simulations of a coherent α-
Al2O3/α-Ga2O3 stack are performed for both orientations, as shown as insets in
Fig. 3.1.2. For sake of simplicity the Al atoms in the three topmost layers of bulk
sapphire were substituted by Ga atoms, neglecting the strain induced distortion
along the surface normal. In the 〈112̄0〉 projection, we obtain excellent agreement
between the simulation and the experimental image. This also accounts for the
〈11̄00〉 projection, despite of the fact that the image pattern of the α-Al2O3
is distinctly different from that of the α-Ga2O3 layer. This is due to the fact
oxygen and the Al atomic columns in the α-Al2O3, yield similar HAADF intensity,
resulting in a “zigzag” pattern while the HAADF intensity of the Ga columns is
much higher than that of the oxygen columns leading to a rectangular shaped
image pattern dominated by contrast of the Ga columns. The higher intensity
of the thin inter-layer compared to the β-Ga2O3 layer arises due to different
channeling conditions of the electron probe traveling through sample caused by
the different crystal symmetry and lattice orientation of the individual grains.
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Figure 3.1.3.: a) STEM HAADF image and a HRTEM image of the same α-
Al2O3/ α-Ga2O3 /β -Ga2O3 interface region, grown by MOVPE,
and projected along the < 112̄0 >. The Bragg filtered image re-
veal dislocations at the interface between the α-Ga2O3 and β -
Ga2O3. b) HRTEM image of the interface region projected along
the < 11̄01 > direction and the corresponding Bragg filtered image
using the

(
1̄1̄4

)
and the

(
1̄1̄2

)
planes of α-Al2O3 and β-Ga2O3,

respectively

Figure 3.1.3a) shows a STEM HAADF image, a HRTEM image and the Bragg
filtered image of the same α-Al2O3/ α-Ga2O3 /β-Ga2O3 interface region, pro-
jected along the < 112̄0 > projection of the substrate. The α-Ga2O3 inter-layer
appears bright in the STEM HAADF image as compared to the α-Al2O3. In the
HRTEM image the inter-facial region appears darker. The 033̄0 diffraction spot
of α-Al2O3 and the 020 spots of the β-Ga2O3 define a coincidence site lattice
(CSL) of the trigonal α-Al2O3 and the monoclinic β-Ga2O3 structure, which can
be visualized by applying a Bragg filter. In the Bragg filtered image DSC (dis-
placement shift complete) dislocations are visible, as a result of the lattice and
symmetry mismatch of the β-Ga2O3 and the α-Al2O3 substrate. It is obvious
that the cores of the DSC dislocation are located above the α-Ga2O3, while the
α-Ga2O3 layer and the α-Al2O3 substrate are coherent. In the < 11̄00 > direction
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it is possible to define a CSL between trigonal α-Al2O3 and the monoclinic β-
Ga2O3 by the

(
1̄1̄4

)
and the

(
1̄1̄2

)
planes, respectively. DCS dislocations ( with

a typical distance of about 3.7 nm) are again only at the interface to the β-Ga2O3
visible. Hence, the thin layer on top of the sapphire consists of coherently strai-
ned α-Ga2O3 on top of α-Al2O3. The one shown here, is present at the interface
of a MOVPE grown layer, but results obtained of PLD and MBE grown layers
are identical with respect to the thin inter-layer.

Figure 3.1.4.: a) Shows a HRTEM image of the interface region between the α-
Al2O3 substrate (bottom) and the β-Ga2O3 layer. b) Shows the
strain map generated by a geometrical phase analysis (GPA). c)
shows a line profile of the region marked in image b). While in
the substrate no strain is observable the interface region a strain of
3.2% regarding the c lattice constant of the α-Al2O3 is observable.

Figure 3.1 a) shows a HR-TEM image of the interface projected along the〈
112̄0

〉
direction of the sapphire substrate, b) a GPA strain map of the corre-

sponding region, showing the strain along the surface normal in the layer, with
respect to he sapphire substrate. Clearly visible is the strain field of the dislo-
cations (blue) located above the α-Ga2O3 layer. To evaluate the strain present
in the layer we measure the stain in the middle between 2 dislocations. At this
positions the stain fields of the dislocations cancel each other out and thus the
strain state of the layer can be measured. From this GPA analysis we deduce a
strain in the α-Ga2O3 layer of 3.2 %, regarding the the α-Al2O3 substrate.
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3.2. Discussion
α-Ga2O3 is a meta-stable high pressure polymorph Ga2O3 with a corundum struc-
ture similar to α-Al2O3. By heating above 600°C at ambient pressure it trans-
forms by a peudo-martensitic phase transition to the stable monoclinic β-phase
[102],[103], which is, below the applied growth temperatures. Under ambient
conditions, however, only the monoclinic β-Ga2O3 phase is stable. [104]

To discuss the stabilization of the α-Ga2O3 phase it is useful to briefly sum-
marize the main observations:

(i) α-Ga2O3 forms a 3 monolayer thick coherently strained layer

(ii) the α-Ga2O3 layer exhibits a strain of 3.2% along the c-direction with
respect to experimental values found in literature

(iii) the β-Ga2O3layer growth fully relaxed as shown by the coincidence site
lattice between the α-Ga2O3inter-layer and the ß-Ga2O3 layer

In epitaxial growth, thermodynamic equilibrium can be influenced by chemistry
or strain. An example for chemical stabilization is the metal organic chemical
vapor deposition (MOVPE) growth of diamond, where the presence of hydrogen
stabilizes the otherwise unstable diamond phase. [105],[106] Stabilization through
pressure has been put forward by Bruinsma and Zangwill [107] and Froyen et al.
[108] According to these authors, in the case of coherent growth, the strain in-
duced by the lattice mismatch between the substrate and the layer may shift
the thermodynamic equilibrium towards the desired phase and revise the order
of stability found in the strain-free bulk. This is the case if, at a given volume
(per formula unit), the energy per atom in the metastable phase is lower than
that in the phase that is stable under ambient conditions. For example, early
experimental reports gave evidence of the epitaxial stabilization of α-Sn rather
than β-Sn when grown on InSb [109] or CdTe [110] or of the zincblende phase
of MnSe (instead of the stable rocksalt phase) when grown on ZnSe [111]. The
theoretical work by Froyen et al. showed, that even phases that are not accessible
by pressure, may be realized by epitaxial growth. For this type of stabilization, it
is necessary that the layer grows coherently, i.e., the critical thickness for plastic
relaxation is sufficiently high (at least >1 mono-layer). For the compound semi-
conductors mentioned above (e.g., CdTe), the transition from the zincblende to
the rocksalt structure occurs at pressures as low as 3 GPa, and the coherence is
maintained up to a thickness of several monolayers. Single crystals in the tri-
gonal α-modification (space group R3̄c) have been stabilized at 1000 °C under
hydrostatic pressures as high as 4.4 GPa. [104] Group III sesquioxides in general
are distinguished from conventional semiconductors by (i) a high bulk modulus
(between 172 GPa for In2O3[112] and 253 GPa for Al2O3 [113]) and (ii) moderate
to low pressures for phase transitions, for example, determined in high-pressure
experiments [102],[114],[115] and density functional theory (DFT) calculations.
[82],[116]
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3.2.1. Strain induced epitaxial stabilization
In the following, we will discuss the presence of this coherently grown layer in
terms of epitaxial stabilization of the α-phase of Ga2O3, while we rule out the
phase stabilization by chemistry since the formation of the α-Ga2O3 phase occurs
independent on the growth method, and in MOVPE independent on the precursor
used. We follow the approach presented for classical semiconductors by Bruinsma
and Zangwill [107] and Froyen et al.,[108] and determine whether the trigonal
phase can be stabilized by the biaxial stress induced in the layer by the lattice
mismatch between the sapphire and the epitaxial layer.

The stress σ in a material is connected with strain ε by

σ̃ij = C̃ijkl × ε̃kl (3.2.1)
where C̃ denotes the tensor of elastic constants. In the trigonal crystal system

the stress–strain relation for α-Ga2O3 in the Voigt notation is given by

σ1
σ2
σ3
σ4
σ5
σ6


=



c11 c12 c13 c14 0 0
c12 c11 c13 −c14 0 0
c13 c13 c33 0 0 0
c14 −c14 0 c44 0 0
0 0 0 0 c44 c14
0 0 0 0 c14 c66





e1
e2
e3
e4
e5
e6


(3.2.2)

In this notation, the strains are given as eij = (2 − δij)εij with the usual
lattice strains and with the index conventions ii → i, and 23 → 4, 13 → 5,
and 12 → 6. The elastic tensor consist in the trigonal case of 6 independent
components, namely c11, c12, c13, c14, c33and c44, where the component c66 obeys
c66 = (c11 − c12)/2. The elastic constants, calculated s by Bechstedt et al. [116],
by means of density functional theory are summarized in table 3.2.1. In the
pseudomorphic case the layer is under biaxial in-plane strain ε11, ε22, while no
shear strain is preset, e.g. ε′12 = 0. Since no external stresses are present in the
layer σ′33 = σ′13 = σ′23 =0. From this relation we obtain ε33as

ε33 = −2 · c13

c33
ε|| (3.2.3)

with ε′11 = ε′22 = ε′||.
Assuming coherent pseudomorphic growth, ε|| corresponds to the lattice mis-

match between the sapphire substrate and the α-Ga2O3 layer. The a-lattice
parameters for α-Ga2O3 [78] and α-Al2O3[117] are a = 0.4979 and 0.475 nm,
respectively. This corresponds to an in-plane lattice mismatch f of

f = aAl2O3 − aGa2O3

aGa2O3

= −0.046 (3.2.4)

The out of plane strain ezz = 0.032 obtained from this relation is in excellent
agreement with experimental value obtained by geometrical phase analysis (GPA)
in fig. 3.1.
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c11 c12 c13 c14 c33 c44 c66

381.5 173.6 126 -17.3 345.8 79.7 104.0

Table 3.2.1.: Theoretical elastic constants derived by Furthmüller et al [116].
(Units in GPa)

For the in plane strain one estimates a biaxial stress σ′xx of σ′xx = 20.3 GPa. Ex-
perimental studies by diamond-anvil cell experiments [114],[115] and theoretical
studies [80], by means of density functional theory, showed the phase transitions
from the β phase to theα phase under hydro-static pressure to be in the range
between 6.5 to 13.6 GPa well below the value present in the case of biaxial strain.

Figure 3.2.1.: a) Energy of the unitcell in dependence of the volume as calculated
by He et al [82]. b) Difference between hydrostatic pressure and bi-
axial strain. While in the hydrostatic case the pressure is isotropic,
the biaxial psydomorphic growth leads to a biaxial strain, resulting
of the lattice mismatch between the substrate and the layer. These
strain leads to a relaxation perpendicular to the growth plane (c
direction).
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Figure 3.2.2.: Experimental [102],[114],[115] and theoretical [82] phase transi-
tion pressures in dependence on the bulk modulus as reported in
literature.

He et al. showed, by means of density functional calculations [82], [80], that
at high pressure at a given volume, the energy per atom in the α-Ga2O phase is
lower than that in the β-Ga2O3 under ambient conditions. Figure 3.2.1 a) shows
the calculated potential energy curves (i.e. total energy vs volume) of α - and β
-Ga2O3. Under zero pressure the unit cell volume of the α phase is 8% smaller
than the unitcell volume of the β phase. The energy of both phases is equal at
a unitcell volume of 47.62Å3 and 51.29Å3 for the α and β phase, respectively.
This corresponds to a pressure of 9.5 GPa as the transition pressure. All these
calculations have been performed under hydrostatic pressure, i.e isotropic stress.
In contrast, heteroepitaxial layers grow pseudomorphic if the lattice-mismatch f is
not too large (f < 0.1) and the ratio between the adsorbate-substrate interaction
strength to the adsorbate-adsorbate interaction strength, which describes the
chemical bonding mismatch at the interface, is not to small. In this case the
layer is biaxially strained and relaxes elastically along the surface normal (see
figure 3.2.1b)).

Figure 3.2.1 shows literature values for the phase transition from β to α under
hydrostatic pressure. In case of hydrostatic pressure the stress is introduced
isotropic into the system, while it a biaxial strain is present in the coherently
strained epitaxial layer (see figure3.2.1). The transition from the β-Ga2O3 phase
to the metastable α-Ga2O3 phase takes place at hydrostatic pressures between 3.3
and 20 GPa, even at temperatures as high as 1000 °C. Figure 3.2.1 summarizes
the reported literature values for the observed or calculated phase transition, from
the β to the α structure, under hydrostatic pressure. The estimated stress of 20.3
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GPa is well above the observed pressure values for the phase transformation in
the hydrostatic case and thus can explain the the stabilization of the α-phase by
biaxial stress.

3.2.2. Summary and conclusions
In summary, we have shown that up to three monolayers of α-Ga2O3 can be sta-
bilized by strain during the growth of Ga2O3 on c-plane sapphire. Up to now,
no band offsets have been reported for strained α-Al2O3 and α-Ga2O3. However,
the coherent growth of well-defined heterostructures between semiconducting α-
Ga2O3 and insulating α-Al2O3(0001) may offer a number of interesting applicati-
ons in the field of two-dimensional electron gases and inter-subband devices. The
huge difference in band gap between sapphire (8.8 eV) and α-Ga2O3 (5 eV) holds
the promise for inter-subband transitions in the range of telecommunication wave-
lengths (1.5µm) accessible now exclusively using AlN/GaN heterostructures.[118]
However, a detailed study of band gaps and band offsets is required.
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4. Homoepitaxial growth on (100)
plane β-Ga2O3by MOVPE with
TMGa and two different oxygen
sources

In this chapter the homoepitaxial growth of β-Ga2O3 on (100) planes by MOVPE
will be discussed. Despite growth temperature and pressure, in MOVPE the
used precursors for oxygen and metal are of high importance. For this reason
we will start our consideration with studying the influence of two alternative
oxygen sources, namely O2 and H2O, on initial stage of crystal growth and on
the properties of the grown layers, using Tri-Methyl-Gallium (TMGa) as metal
organic precursor. We will show that only the growth with water leads to closed
homoepitaxial layer, while the growth with pure oxygen leads to the formation of
nanocrystalline layer. These findings will be explained by the catalytic properties
of the (100) plane of β-Ga2O3.

4.1. β-Ga2O3 deposition by using tri-methyl-gallium
and pure oxygen

In the first set of experiments growth was performed with Trimethyl-Gallium as
Gallium precursor and pure oxygen as oxygen source. As a carrier gas high purity
argon was used.

Figure 4.1.1 a) shows a SEM image of a sample surface after deposition for 15
min at a temperature of 775°C, under Ga and oxygen fluxes of 5 and 400 sccm
respectively. The chamber pressure has been kept to 20 mbar. The surface is
characterized by the presence of long whiskers, up to 500 nm in length and up
to 100 nm in diameter. The size and the shape of the surface structures strongly
depends on the growth conditions, e.g. at a deposition temperature of 800°C and
increased oxygen-to-gallium ratio of 3200 the grown Ga2O3 material looked like
an agglomeration of nanocrystals (Fig. 4.1.1 b).

Fig. 4.1.1 c) shows a cross-sectionional high resolution TEM image of a layer
showing these agglomeration of nanocrystals, projected along the b-direction of
the lattice. While the substrate shows an undisturbed high resolution pattern,
a thin layer can be seen, characterized by a highly disturbed high resolution
pattern. Then growth turns into whisker growth. Note, that all whiskers are
growing epitaxial. All attempts to deposit closed homoepitaxial layers of β-Ga2O3
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Figure 4.1.1.: a) and b) SEM images of samples grown on (100) β-Ga2O3 with
a oxygen flux of 5 and 400 sccm, respectively. c) Cross-sectional
HRTEM image of the interface region of a layer grown with TMGa
and pure oxygen.

on (100)-oriented β-Ga2O3 substrates using oxygen and TMGa as precursors
failed, although the growth parameters were varied in a wide range: substrate
temperatures between 750°C and 850 °C, chamber pressure between 5 and 100
mbar, and oxygen-to-gallium ratios up to 9500 were used. In all cases only β-
Ga2O3 nano-crystals in form of either whisker or agglomerates were obtained,
despite of the fact that single crystalline β-Ga2O3 substrates are used. This
observation is in strong contrast to simultaneous performed growth experiments
on α-Al2O3 (0001), where closed but textured β-Ga2O3 were formed like described
in chapter 3.

4.2. β-Ga2O3 deposition by using tri-methyl-gallium
and H2O as oxygen source

A second set of experiments is performed by using pure water as an oxygen
precursor.

Figure 4.2.1 a) and b) shows typical surface morphologies of layers grown under
water fluxes of 200 sccm and 400 sccm, respectively. Both layer are grown at a
chamber pressure of 5 mbar and at a growth temperature of 800°C. In the case
of lower water flux, the surface is formed of spherical 3D islands, resulting in
a typical RMS roughness of 4.5 nm. With increasing water flux the surface
morphology changes to a patch like morphology, with islands elongated along the
b direction of the surface resulting in a surface roughness (RMS) as low as 2.9
nm. The indicates an-isotropic surface diffusion. In both cases the morphology of
the substrate surface is not reproduced. To study the layer morphology in more
detail TEM investigations were performed.

Figure 4.2.2 a) shows typical TEM bright field image of the layer grown at a
H2O flux of 200 sccm projected along the [010] direction. The layer has been
grown for 45 min and shows a mean thickness of 50 nm. At the bottom of the
image the β-Ga2O3 substrate is visible, which is homogeneous in contrast, except
of some dark speckles that result from TEM sample preparation (ion milling).
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4. Homoepitaxial growth with TMGa and two different oxygen sources

Figure 4.2.1.: Typical AFM images of layer grown with Tri-methyl-gallium TMGa
and H2O as gallium and oxygen precursor. a) and b) were grown
with water fluxes of 200 sccm and 400 sccm, respectively.

Figure 4.2.2.: a) TEM bright-field image showing a typical layer grown on (100)
β-Ga2O3 with TMGa as Gallium precursor and H2O, with an H2O
flux of 200 sccm. b) HRTEM image of the interface region showing
growth of epitaxial island, followed by a highly structural disturbed
layer.
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Above the substrate the highly defective layer is visible. Figure 4.2.2 b) shows
a HR-TEM image of the surface near region. In the bottom part of the image
the substrate is visible, indicated by the regular HR-TEM pattern. The substrate
surface is indicated by a dashed line. Instead of a closed layer the growth proceeds
as small islands with typical sizes of 10 nm. Single grown island are indicated
by arrows. The HR-TEM pattern of the islands is identical to the pattern from
the substrate indicating a epitaxial growth. Above the islands a highly disturbed
layer is visible.

Figure 4.2.3.: a) TEM bright-field image showing a typical layer grown on (100)
β-Ga2O3 with TMGa as Gallium precursor and H2O as oxygen
source.

Image 4.2.3shows a typical bright field image of a layer grown on (100) β-Ga2O3
with TMGa as Gallium precursor and H2O as oxygen source. At the bottom part
of the image the substrate is visible. The interface between the substrate and
the layer is clearly visible by the appearance of dark contrast. The contrast arise
due to a high amount of planar defects, which are also visible in the whole layer.
These defects are twin lamellae and the atomic structure will be discussed in
detail in chapter 5 and their formation in chapter 6. Despite of the fact that twin
lamellae are present in the layer, the layer were closed and epitaxial grown, in
the case of TMGa and water as gallium and oxygen precursors, respectively.
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4. Homoepitaxial growth with TMGa and two different oxygen sources

4.3. Discussion of influence of the oxygen source on
the growth with tri-methyl-gallium

In the following, we will discuss the influence of the oxygen precursor on the
growth mode in detail. To do so, we briefly summarize our main experimental
results:

(i) Growth, using O2 as an oxygen precursor, proceeds in the form of an epi-
taxial closed layer, followed by epitaxial growth of whiskers. More oxygen
rich conditions, nanocrystalline layers form that have no epitaxial relation
to the substrate.

(ii) Using H2O as an oxygen precursor epitaxial growth proceeds in a layer-by-
layer mode although the grown layer contains a high density of twins.

To understand the differences, we first analyzed the thermodynamics of the
growth atmosphere using the FactSage software package. The calculations were
performed for real growth conditions. Figure 4.3.1shows the amount of main pro-
ducts of the reaction between TMGa and pure oxygen and water, respectively. In
case of growth with pure oxygen (Fig.4.3.1a), the main reaction products are solid
Ga2O3 and gaseous oxygen, water, and carbon dioxide. Resulting from the re-
action of the thermal decomposition products of the metal-organic precursor with
oxygen. Other reaction products are at very low concentrations and not shown in
the figure (out of scale). For example, H2=6.7×10−13 mol, OH = 7.1×10−8 mol.
On the other hand, if water is used as oxygen source (Fig. 4.3.1 b) then hydrogen
molecules, H2, appear at high concentration as compared with Ga2O3 amount,
while O2 molecules are not present at all, since they were fully consumed by orga-
nic species. According to recent literature reports by Jochum et al. [119] , water
dissociation and chemisorptions of H+ on a metal oxide surface can significantly
influence the nature of the surface sites. On perfect Ga2O3 surfaces this leads to
the formation of Ga-OH and O-H surface terminations, while on oxygen deficient
surfaces H2O dissociates at oxygen vacancies under the formation of Ga-H and
O-H surface termination. Varley et al [67] showed that the presence of hydrogen
can significant reduce the Formation energy of Ga vacancy defects through the
formation of VGa-H complexes. Starting from the thermodynamic considerations,
we may now consider the effect of the surface on the absorption and dissociation
processes of the growth relevant species. Following the considerations by Pan et
al. [[120], [121]], who performed an in depth experimental and theoretical study
on the catalytic action on the (100) surface of Ga2O3. In particular, they consi-
dered the mutual interaction of H2O and CO2 with this surface and the role of
oxygen vacancies on the activation of these species.

According to their work, H2O is preferably adsorbed in the form of molecules at
the dry surface, producing a hydrated Ga2O3 surface, while adsorbed CO2 is acti-
vated and results in a carbonate species in a slightly endothermic reaction. On the
other hand CO2, if co-adsorbed with H2O , can be protonated by H2O [121], lea-
ding to formation of bicarbonate species. Fourier transform infrared spectroscopy
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4. Homoepitaxial growth with TMGa and two different oxygen sources

Figure 4.3.1.: Thermodynamic calculations of the growth atmosphere for the use
of a) O2 and b) H2O as oxygen precursor.
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4. Homoepitaxial growth with TMGa and two different oxygen sources

Figure 4.3.2.: a) Lewis structures of carbonate and bicarbonate groups. b) Struc-
tural model illustrating the surface masking of the (100) plane of
β-Ga2O3 by carbonate groups and the whisker growth in the un-
masked areas.

(FTIR) studies by Collins et al. [122] showed that polydentate carbonates (see fig
4.3.2) are stable on the surface at least up to 723 K, while bicarbonates desorbe
completely above 550 K . The presence of oxygen vacancies significantly modifies
the activity of the surface. CO2 occupies the oxygen vacancies in an exothermic
reaction, while H2O spontaneously dissociates at the oxygen vacancy side, as a
competing process. A minimal H2O flux is needed to suppresses the dissociation
reaction of CO2 on the surface by water splitting. Based upon our considerati-
ons and taking into account the thermodynamic calculations, the influence of the
oxygen precursor on the growth mode may be qualitatively discussed as follows.
When pure O2 is employed, the formation energy of oxygen vacancies is substan-
tially increased which in turn lowers their concentration [123]. At the same time,
H2O and CO2 are present in comparable concentrations, which will promote the
formation of carbonate species at the growth surface as described above. Such
compounds will act as a mask and whiskers will grow out of the unmasked areas as
shown schematic in figure 4.3.2. On the other hand employing H2O reduces the
oxygen partial pressure considerably and oxygen vacancies form spontaneously
[123]. Since H2O is present at significantly higher concentrations than that of
CO2, the adsorption of CO2, and thus the formation of carbonates, is suppressed
and H2O will spontaneously dissociate at oxygen vacancy sites thus promoting
growth.

Despite of the fact that closed crystalline layer are grown with TMGa and
water it must be stated that no conductive material was archived, independent
on the used dopands (e.g. Sn and Si) and growth conditions.
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4. Homoepitaxial growth with TMGa and two different oxygen sources

4.4. Chapter summary and conclusions
In Summary we have shown that the homoepitaxial growth of β-Ga2O3 on (100)
plane is strongly influenced by the chemical activity of these plane. In the case
of TMGa as metallic precursor just the growth with water as oxygen source was
successful. This can explained by the catalytic reactions on the surface leading
either to the formation of stable carbonate species (with oxygen) or or less stable
bicarbonates (with water). While carbonate species act as a mask blocking further
epitaxial growth and thus lead to whisker formation, bicarbonates species desorb
from the surface at elevated growth temperatures and thus enabling epitaxial
growth.
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5. Structure of planar defects in
β-Ga2O3

The aim of the chapter is to describe the atomic structure of planar defects occur-
ring during growth of β-Ga2O3. The following study is based on samples that
have been grown by tri-ethyl-gallium (TEGa) and molecular oxygen as precur-
sors, but holds for the growth with tri-methyl-gallium (TMGA) and water as
precursors as well.

5.1. Defects on (100) plane of β-Ga2O3

Figure 5.1.1 shows a cross sectional TEM dark field image of the interface region
between the epitaxial layer and the (100) β-Ga2O3 substrate. In the dark-field
image (5.1.1 a)), the substrate appears defect free and its contrast is dominated
by speckles due to unavoidable surface damage caused by ion milling. The layer is
characterized by a high density of planar defects, aligned parallel to the substrate
surface. The planar defects appear at higher intensity than the surrounding
matrix. The diffraction pattern (fig 5.1.1 b) and c) ) of the substrate and the
layer, obtained by using an aperture that limits the field of view (selected area
diffraction pattern), reveal significant differences between pattern of the layer
and the substrate. The electron diffraction pattern of the layer show two types
of additional reflections:

(i) Intense reflections centered between the (2n, 0, 2m + 1) reflection of the
monoclinic lattice, originating from a 180◦ rotation around the c-axis, which
corresponds to a twin relation in the monoclinic lattice.

(ii) Weak streaks centered between the (2n, 0, 2m) reflections. These reflections
are caused by the broken translation symmetry along (100) due to planar
defects that have a thickness of (2n+ 1)/2 unit cells along (100).

To get insight into the atomic structure of the planar defects, we performed Z-
contrast STEM investigations.

Fig 5.1.2 a shows thick planar defect projected along the [010] zone axis. Since
the atomic number of oxygen (Z = 8) is much smaller than the atomic number of
gallium (Z = 31), the contrast in these images arises from the gallium columns
only. The image has been overlaid with a stick and ball model of β-Ga2O3.
Bright and dark green indicate octahedral and tetrahedral bound gallium atoms,
respectively. Red balls represent oxygen atoms. The stacking can be analyzed
from the lozenge shaped arrangement of the Ga atoms in the β-Ga2O3 along this
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5. Structure of planar defects in β-Ga2O3

Figure 5.1.1.: a) Cross sectional TEM dark field image of a typical MOVPE layer.
For imaging, we used a g vector parallel to 001. b), c ) Selected area
diffraction images of the β-Ga2O3 substrate and the homoepitaxial
grown layer, respectively. Streaking of diffraction spots along the
[100] direction indicating a translation symmetry break along [100]
direction due to high amount of defects.
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5. Structure of planar defects in β-Ga2O3

Figure 5.1.2.: a) High resolution STEM HAADF image of an area like defect. b)
A stick and ball model illustrating the atomic arrangement in the
defect.

projection. The boundary in the (100) plane is marked by the red dashed line.
The lattice in this region can be continued by an operation that includes a mirror
operation at the (100) plane and a translation by a half c-lattice parameter along
the c direction. This produces a twinned crystal orientation, described by a c/2
glide reflection. In the structural model (fig 5.1.2b)) all atoms in the boundary
are fully coordinated and the (100) twin boundary is coherent in good accordance
with our STEM images. Since STEM HAADF is not sensitive to the oxygen we
can, however, not exclude an atomic relaxation of the oxygen atoms in the twin
plane. As mentioned before β-Ga2O3 exhibits two different surface terminations
A and B. We find that the mirror plane of the twin coincide in all cases within
the A-terminated surface. Such twins are common to Ga2O3 and can be observed
also in bulk crystals grown from the melt, though their density is several orders
of magnitude lower.

In the following we concentrate on the lateral boundaries of these defects. The
boundary is marked by the yellow dashed line and its location is derived as
above from the lozenge shaped arrangement of the Ga atoms. From the atomic
positions of the Ga atoms in the STEM image we can derive a model for this
boundary that is presented in form of a stick and ball model in Fig. 5.1.2 b).
Bright and dark green balls and gray and black balls represent octahedral and
tetrahedral bound gallium atoms in the bulk and in the twin lamella respectively.
Since oxygen atoms are not visible in STEM and TEM images, they have been
placed based on the principle of plausibility, i.e. considering their coordination
and the distortion of the bonds. According to this model the boundary is formed
of two structural units that are highlighted by violet and blue rectangles. In the
structural unit marked the violet rectangle an oxygen column is coordinated by
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5. Structure of planar defects in β-Ga2O3

two octahedral gallium columns and arranged in a planar geometry. This is very
likely an energetically unfavorable configuration and may lead to severe lattice
relaxations. The structural unit that is marked by the blue rectangle is formed
of two columns of tetrahedral bound gallium atoms bound to an oxygen column.
The oxygen atoms in this column are only coordinated by two gallium atoms, i.e.
missing a single nearest neighbor compared to the corresponding undisturbed
lattice site. All these observations show that this boundary is an incoherent
boundary, producing dangling bonds inside the material, which may act as a
charge carrier traps, inflicting the electrical properties of the layer. Fiedler et al.
[71] showed quantitatively that these incoherent twin boundaries are electrical
active, leading to a compensation of charge carriers for doped layers, and lead to
a collapse of the charge carrier mobility in the layer.

We may now turn to the twins with half integral unit cell thickness. Fig
5.1.3a shows a STEM HAADF image of a twin lamella, which has the same twin
orientation with respect to the surrounding matrix, like the one in Fig 5.1.2a) but
has a thickness of half a unit cell only (marked by red arrows). Fig 5.1.3 b shows
the local shift of the lattice planes with respect to the perfect crystal matrix in
terms of a geometrical phase (for details of the method please see Ref [34]. In
the geometrical phase analysis (GPA) three observation are obvious.

(i) In the right lower part the twin is seen on the a-plane by dark line contrast
in the GPA that, as shown in Fig. 5.1.3 c) is half a unit cell thick and has
two coherent boundaries at the upper and the lower interface that resembles
that of the twins shown in Fig. 5.1.2. This half integer thick twin creates
a shift in the lattice between the crystal lattice below and above the defect
of half a c lattice parameter along the a-plane.

(ii) Due to the half integer thick twin, there is a stacking mismatch between
the left part and the right part of the crystal that is mediated by a stacking
mismatch boundary that lies on the c-plane and is seen again as a dark line
in the geometrical phase analysis.

(iii) This stacking mismatch boundary is terminated in the upper left part of
the image by another half integer thick twin. These stacking mismatch
boundary is formed of one structural unit that build up the incoherent twin
boundary and is shown in an enlarged image in Fig 5.1.3 d). Tetrahedral
coordinated Ga-atoms in the defect plane are marked yellow, octahedral
coordinated ones orange. It has to be mentioned, that once a stacking
mismatch boundary has formed at the lateral boundary of a half integer
thick twin it proceeds through the whole layer until it is annihilated by a
second twin with half or full unit cell thickness.
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Figure 5.1.3.: STEM HAADF image of a layer showing a line shape defect. GPA
analysis of picture a) showing the gradient of phase. The dark line
indicating a phase shift in the image. c) and d) enlarged images
showing the regions marked by a red and a orange frame in image
b).
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5. Structure of planar defects in β-Ga2O3

Figure 5.2.1.: a) STEM HAADF image of a β-Ga2O3 layer grown on (0001) α-
Al2O3 by MOVPE. Boundaries between single rotational domains
are marked by white dashed lines. b) Stick and ball model of the
twin formed on the (2̄01) plane of β-Ga2O3in the [132] and [010]
projection. Oxygen atoms are red, dark green and bright green
correspond to octohedrally and tetrahedrally bound gallium atoms,
respectively.

5.2. Defects on (2̄01) plane of β-Ga2O3

Figure 5.2.1 a) Shows a STEM HAADF image of an β-Ga2O3 layer grown on
(0001) sapphire. White dashed lines indicated the grain boundaries between the
single rotational domains in these layer. In this case the (2̄01) plane is aligned
parallel to the sapphire (0001) plane. In the middle of the image we can see a
a grain in the [132] projection of the lattice of β-Ga2O3. In this grain a change
in the orientation of the (111̄) planes is visible (indicated by the yellow arrows).
These corresponds to a mirroring of the lattice at the (2̄01) plane of the lattice
and describes a possible twin relation in the monoclinic lattice. Figure 5.2.1 b)
shows stick and ball models of the lattice with a twin on the (2̄01) plane pro-
jected along the [132] and [010] direction. Oxygen atoms are red, dark green and
bright green indicate octahedral and tetrahedral bound Ga atoms, respectively.
The structural model has been created by applying an inversion operation on
the β-Ga2O3 lattice while maintaining the (2̄01) (gray line) plane of the twinned
structure parallel to the (2̄01) planes of the normal lattice. This lattice corre-
sponds to the STEM HAADF pattern observed in image 3.1.1. The positions
of the oxygen columns have been place regarding the normal crystal structure.
This leads to two enantiomorphic crystal structures in the twin and the nominal
normal lattice. In the [010] projection it becomes obvious that this twin relation
leads to a coherent boundary on the (2̄01) plane, e.g. all bonds and coordination
relations are preserved.
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5.3. Chapter summary
In Summary we have shown that homoepitaxial layer grown on (100) plane of
β-Ga2O3 suffer from a high amount of planar defects. These defects are twin
lamellae, forming on the (100) plane. The twin can be described by a c/2 glide
reflection of the lattice on the a-plane. The smallest observed twin lamellae have
a thickness of just half a unit cell in the a-direction. While the twin boundary
on the a-plane is coherent, during growth incoherent twin boundaries on the c-
planes form. These incoherent twin boundaries are electrical active, leading to a
compensation of charge carriers for doped layers, and lead to a mobility collapse of
the charge carrier mobility in the layer. To fully exploit the potential of β-Ga2O3
it is mandatory to suppress the formation of these twin lamellae. The formation
process as well as ways to reduce the twin lamellae density in this layers will be
discussed in the next chapter.
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6. Evolution of planar defects
during homoepitaxial growth on
(100) plane of β-Ga2O3

In the last chapter we have seen that homoepitaxial layer grown on (100) oriented
substrates suffer from a high amount of twin lamellae. In this chapter we present
detailed experimental results on twin lamella formation by double positioning in
homoepitaxial growth of β-Ga2O3 on the (100) plane by MOVPE. We show that
by appropriate choice of the miscut-angle and growth conditions, structurally
perfect layers can be grown.

6.1. layer morphology in dependence of the
substrate miscut-angle

Fig. 6.1.1 shows atomic force microscopy images of the substrate surface with
the surface normal tilted versus the [001] direction by miscut-angles α of 0.1◦, 2◦,
4◦, and 6◦ along with those of the surface of epitaxial layers grown on them. All
substrate surfaces prior to growth exhibit straight well aligned surface steps of
half a unit cell height, independent on the respective miscut-angle. The as-grown
surfaces of the sample with the lowest miscut-angle show the presence of three-
dimensional islands. The islands elongate in the [010]-direction with a typical
length of 200 nm and have a width of 100 nm in the [001]-direction. The aspect
ratio of length to width (l/w) is 2, independent of the specific island length. For
a miscut-angle of 2◦, the surface is still characterized by stepped two-dimensional
islands, like in the case for lower miscut-angles. The steps have a typical height
of half a unit cell along a. On the terraces two-dimensional islands are visible
(marked by arrows). For the sample with a miscut-angle of 4° the overall surface
morphology is characterized by extended surface steps along b and a terrace
width of 6 nm. In areas where steps bunch and terraces with a width beyond 20
nm appear, two-dimensional islands are present. For a miscut-angle of 6◦ along
the [001] direction regular steps aligned along b of half a unit cell height are
observed and there is no apparent difference in surface structure of substrate and
the as grown epitaxial layers. Moreover, no signs of step bunching are visible
despite the high miscut-angle. Summarizing the AFM results we can state that
layers with small miscut-angles 0 < α < 2◦ vs. [001] are dominated by growth
through nucleation and lateral growth of two-dimensional islands. Layers with
miscut-angle α ~ 6° vs. [001] are dominated by step flow growth.
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Figure 6.1.1.: AFM images of substrates with miscut-angles of 0.1◦, 2◦, 4◦ and 6◦
towards c (upper row) and epitaxial grown layers on them (lower
row). The substrate is characterized by equally spaced, and regular
arranged steps. The surface morphology undergoes a transition
from 2D island growth to step-flow growth with increasing miscut-
angle. The arrows indicate the presence of two-dimensional islands
on the terraces.
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Figure 6.1.2.: a) Typical STEM HAADF image (top left) of the surface region
of an homoepitaxial layer grown on an substrate with an desired
miscut angle of 2° and the corresponding geometrical phase analysis
of this image. b) The GPA (bottom left) reveals lamellae which are
climbing trough the formation of inserted half planes on the c-plane
of the lattice, as described before. The climbing process proceeds
up to the surface of the layer (orange frame) where an intrusion
can be observed. On the letft side of the image (yellow frame)
an 2-dimensional island nucleated directly in front of an surface
step, and in an twinned orientation to the material below can be
observed.
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Fig. 6.1.2 a) shows a cross-sectional STEM-HAADF image of a layer grown
on the substrate with a miscut-angle of 2°. The image shows the region close to
the surface. A number of steps are visible at the surface that have a height of
half a unit cell along the surface normal. They have a spacing ranging between
10 and 20 nm, which corresponds considerably well to the expected value of 17
nm for the intended miscut-angle of 2°. Fig. 6.1.2 b) makes the deviations in the
stacking sequence visible in terms of a shift of the respective lattice plane with
respect to a perfect crystal matrix (gradient of the geometrical phase, for details
of the method see Ref. [34]). The gray background indicates the perfect lattice,
dark/bright lines indicate areas, where a geometrical phase shift is caused by a
structural defect. In the region at the top of the layer close to the surface, a
periodic shift of the phase is visible. This periodic phase shift is related to a twin
lamellae with a thickness of 1.75 unit-cells in [100] direction, ending at the surface
of the substrate. Deeper in the layer we observe a line that meanders through the
whole layer alternating from (100) to (001)-planes and ends up at the surface. It
corresponds to a half unitcell thick twin causing stacking mismatch boundaries
on the (001) plane, that climbs through the layer. The region where this defects
ends at the surface is marked by the orange box. Fig 6.1.2 c) shows an enlarged
image of this region. The defect ends at the surface and leaves an intrusion at
the surface behind, indicating the high energy boundary formed by this defect.
At the left hand side of Fig 6.1.2 a) a two-dimensional island of half a unit cell
thickness with a lateral extension of 4 nm coalesces with a surface step. Fig.6.1.2
d) shows an enlarged image of this region. An intrusion between the island and
the step is clearly visible. The island grows in a twinned crystal orientation with
respect to the underlying lattice and the step with which it coalesces. It should be
noted that the height of half a unit cell and the lateral extension of 4 nm along
b direction corresponds extremely well with that of the 2 dimensional islands
measured in the AFM images.

6.2. Evaluation of miscut-angle dependent density
of twin lamella.

Figure 6.2.1 a) ,b), c) and d) shows typical TEM bright field images of β-Ga2O3
layer grown on substrates with miscut-angles regarding the [1̄02] direction ( sur-
face normal of the a plane) to the [001] direction of 0.1°, 2°, 4° and 6°, respectively.
Fig. 6.2.1 a) shows a layer grown on a substrate with the lowest miscut angle of
0.1° corresponding to a terrace width of about 340 nm. The interface between
the layer and the substrate is marked my a yellow dashed line. While the sub-
strate is apparently twin lamellae free, the layer shows a high amount of twin
lamellae, which are homogeneously distributed over the whole layer. With in-
creasing miscut-angle, the density of twin lamellae reduces. For the layer with
a miscut-angle of 4° twin lamella are visible only sporadically by TEM. Layers
grown on substrates with a miscut-angle of 6° show no twin lamella at all within
the field of view typical for TEM. For quantitative analysis, the number of twin
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Figure 6.2.1.: TEM bright field images of layer grown on substrates with a miscut-
angle α of 0.1° (a), 2° (b), 4° (c) and 6° (d). Dark lines parallel to
the surface are twin lamella.

boundaries along the growth direction has been counted in steps of 100 nm along
the interface in every bright field TEM image. To achieve a value comparable
for all grown layer this value has been divided by the total layer thickness, the
estimated layer depth in projection direction and the image width. To improve
statistics, the samples have been typically investigated along a surface region of
100 µm in length, taking 4-6 images. Table 1 displays the density of twin lamella
as dependent on the miscut-angle and the respective nominal terrace width on
the surface. The terrace width is calculated from the measured miscut-angle of
the sample and the measured step height of a/2. The density of twins decreases
with increasing miscut-angle. It reduces by more than two orders of magnitude
when increasing the miscut-angle from 0.1° to 4°. At miscut-angles of around 6°,
twin lamellae appear only occasionally and can be neglected.

Tab.6.2.1 summarizes the results of our measurements.
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Miscut-angle [◦ ] terrace width [nm] twin density [cm−3]

0.1 340 1.0× 1017

0.3 110 9.2× 1016

0.7 50 5.2× 1016

1.4 25 4.7× 1016

4 8 5.5× 1014

6 5 ~ 0

Table 6.2.1.: Typical twin densities estimated from TEM in dependence of the
substrate miscut-angle and the terrace width.

6.3. Influence of the growth mode and miscut angle
on the growth rate

Figure 6.3.1.: Layer thickness estimated by TEM vs deposition time.

84



6. Evolution of planar defects during homoepitaxial growth on (100) plane of β-Ga2O3

To estimate the growth rate, which is needed for the following model, we perfor-
med growth runs varying the duration between 1 to 60 min and measured the
layer thickness by TEM. We considered the onset of twinning as the interface
between substrate and layer. Our results from this analysis show that the growth
speed is almost independent on the growth mode, as well as the miscut angle of
the substrate, and that the layer thickness increases linearly with growth time
(see figure 6.3.1). From these series, we estimate a growth speed of 0.04 mono-
layers per second (ML s−1), where the thickness of one monolayer corresponds to
half a unit cell in a direction.

6.4. Defect formation mechanism
Formation of stacking faults and twin lamellae has been studied in early work on
epitaxial growth of face centered cubic metals by Hall and Thompson, [124] and
Dickson and Pashley.[125] Their models, later adopted for other material systems
and crystal symmetries (e.g., SiC, [126] CdTe [127]), start from the assumption
that growth on surface facets proceeds through nucleation and growth of two-
dimensional islands. In case of a proper surface orientation, these islands have the
choice to nucleate either in the epitaxial orientation or in the twinned orientation:
In the latter case, they leave a coherent twin boundary behind at the interface
between the island and the substrate. Formation of twin lamellae through double
positioning is inhibited, if growth takes place in the step flow mode. This is
promoted if at a given growth temperature the surface diffusion length of the
ad-atoms is comparable to the typical width of surface terraces, i.e. in this case
ad-atoms will be able to reach the nearest step edge.

To discuss the origin and possible formation mechanism of the twin lamellae,
we may summarize the main experimental observations.

(i) The surface morphology of homoepitaxial layers grown on (100) β-Ga2O3
substrates depends on the miscut-angle: For small miscut-angles (0° < α
<1°) the surface morphology is characterized by three- dimensional islands.
For intermediate miscut-angle (1° < α < 4°) step-meandering and presence
of two-dimensional islands are observed. At miscut-angles as high as 6°,
perfect well-aligned steps are present, indicating step-flow growth.

(ii) Planar defects in form of twin lamellae that can be described by a c/2
glide reflection of the monoclinic lattice are present in layers with low and
intermediate miscut-angles.

(iii) The density of twin lamellae decreases with increasing miscut-angle of the
substrate.

These experimental findings, especially the two-dimensional islands found in AFM
and TEM images on the terraces and the decreasing density of twin lamella with
increasing miscut-angle strongly support double positioning as the mechanism
that introduce twin lamella in our samples.
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Figure 6.4.1.: a) Sketch of double positioning on the a plane. b) sketch showing
the different growth modes in dependence of the diffusion length.

A schematic on twin formation by double positioning on Ga2O3 (100) facet is
displayed in Fig. 6.4a. Incoming ad-atoms attach to the (100) surface of β-Ga2O3
either in the epitaxial orientation or in the twinned orientation. Growth proceeds
then laterally by attachment of further atoms and 2D island form, exhibiting
either the epitaxial or the twinned orientation relationship respectively. Although
the epitaxial relation is energetically more favorable, the interface between the
twinned 2D island and the substrate is fully coordinated in the epitaxial and
in the twinned orientation. Incoherent lateral boundaries exhibiting dangling
bonds form upon coalescence of a twinned and an epitaxial island. Once a closed
layer has formed of the 2D islands, growth on top of them proceeds in a similar
way. The probability of islands to nucleate in a twinned orientation governs the
resulting density of twin lamella in the film.

6.5. A quantitative model on twin lamella
formation on vicinal planes

In the following, a quantitative model of the twin lamellae formation by double
positioning, will be presented. The model is adopted from the work by Bales,
originally developed to describe nucleation and growth of islands on a vicinal
surface.[128],[129] The basics of layer by layer growth on step free surfaces through
island nucleation has been described in early work by Zinsmeister [130] and by
Frankl and Venables [56]. They describe nucleation of two-dimensional islands by
a set of linear differential equations. These equations describe the development
of the mean ad-atom density and island distribution with time considering the
incoming flux of ad-atoms and their diffusion on the growth surface. Later Bales
and Charzan et al.[128] could show that for a flat surface this model is in good
agreement with Kinematic Monte Carlo (KMC) simulations. It has been later
expanded by Bales [129] to describe the island densities on a vicinal substrate
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Figure 6.5.1.: Schematic sketch of the typical processes occurring during MOVPE
growth: a) Adsorption of ad-atoms on the substrate. b) Diffusion
of ad-atoms on the surface. c) Incorporation of ad-atoms at a kink
site of a surface step. d) Nucleation of an island from encounter
of two adatoms and incorporation of an ad-atom into an existing
island. d) Desorption of an ad-atom from the substrate. f) Direct
impingement of an ad-atom on an existing island.

, where.the incoming ad-atoms are either incorporated into step edges or form
two-dimensional islands.

Fig. 6.5.1 shows a schematic of the typical processes occurring during epitaxial
growth on a stepped surface. Atoms impinge onto the perfect surface (a) with
a flux F. Once adsorbed as ad-atoms, they diffuse with a diffusion coefficient D
on the surface (b). They then either attach to kink-sites at surface steps (c),
meet other ad-atoms to form dimers (d) or attach to existing islands (either at
island edges or on top of them) (f). Ad-atoms attached to islands or surface steps
can detach or diffuse along the island edges or step edges respectively. At high
temperature, some ad-atoms can re-evaporate (e).

In the following, we will adopt the model by Bales for the nucleation on vicinal
surfaces. Bales describes the time evolution of mean field quantities such as the
mean density of ad-atoms < n1 > and mean islands densities < ns > for islands of
consisting of s atoms, by a set of coupled ordinary differential equations. Either an
ad-atom meets another ad-atom with a capture efficiency expressed as the capture
number σ1 or an island of size s with a capture number σs. Basic assumptions of
the model are the following:

• The flux of atoms (monomers) to the surface is constant

• The surface consists of 2D islands and surface steps

• The 2D islands are uniformly distributed on the terrace between the step
edges

• The supersaturation is high and there is no critical island size

87



6. Evolution of planar defects during homoepitaxial growth on (100) plane of β-Ga2O3

• Polymers consisting of two or more ad-atoms are stable and may only grow
in size but not dissociate

• There is no re-evaporation from the surface

In the framework of the mean field rate equation approach, the ad-atom density
〈n1〉 on a vicinal plane is then given by:

1
F

d〈n1〉
dt

= γ − D

F
ξ−2〈n1〉 −

D

F
χ〈n1〉 − k1〈n1〉 −

∞∑
s=1

ks〈ns〉 (6.5.1)

with F being the flux of incoming atoms onto the growth surface (given in
monolayer per second) and D the diffusion coefficient of the ad-atoms on the free
surface. The generation rate γ of ad-atoms on the uncovered surface of atoms is
given by γ = exp(−R× t) , with the arrival rate R = F · b · c (b and c the lattice
parameter, all lattice parameter a set to 1 in the calculations). The second term
on the right hand side of eq. 6.5.1 describes the loss of ad-atoms by attachment
to a second ad-atom or attachment to an islands formed of s ad-atoms, with ξ
being the mean distance a monomer travels before colliding with an island or
another ad-atom. It is given by:

ξ−2 = 2σ1〈n1〉+
∞∑
s=2

σs〈ns〉 (6.5.2)

The capture numbers σ1 and σs are given by:

σs = 2π
γ

√
s

ζ

K1(
√
s/ζ)

K0(
√
s/ζ) (6.5.3)

Where Ki are modified Bessel function of the order i and ζ is the average
distance a monomer travels before attaching to an island/ad-atom or a step:

ζ−2 = ξ−2 + χ (6.5.4)
The third term of eq. 6.5.1 corresponds to the loss of monomers to a step,

where χ obeys to:

χ =
tanh

(
l

2ξ

)
ξ2
[
l

2ξ − tanh
(
l

2ξ

)] (6.5.5)

with l being the terrace width. The two last terms of eq. 6.5.1 that account for
the number of atoms deposited directly on the islands (process f), with ks = s(2/df )

with df the fractal dimension of the island (here df = 2) [131]. Desorption of
ad-atoms is neglected in these equations. The density of stable islands of size s
obeys the differential equation

1
F

d〈ns〉
dt

= D

F
σs−1〈n1〉〈ns−1〉 −

D

F
σs〈n1〉〈ns〉+ ks−1〈ns−1〉 − ks〈ns〉 (6.5.6)
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Figure 6.5.2.: Experimental nucleation densities per monolayer growth in depen-
dence of the terrace width and the fitted curve to these experimental
data for a diffusion coefficient of D = 7 · 10−9 cm−2s−1 at a growth
temperature of 850°C.

Here the rate at which a particular island grows depends on the presence of the
steps as well as of the mean density of the islands of size s. The mean island size is
obtained by solving the set of s coupled ordinary differential equations 6.5.1 and
6.5.6. Since we are interested in the absolute number of islands forming a layer,
we have to integrate the equations 6.5.1 and 6.5.6 up to full coverage. To do so
we need to solve self consistently the nonlinear equations 6.5.2-6.5.5 for each time
step. The flux of incoming ad-atoms F and the diffusion coefficientD are free
parameters, when fitting our experimentally observed densities of twin lamellae.
In our simulations, we use the effective flux F onto the surface experimentally
from the growth rate as measured by TEM and ellipsometry. Therefore, the
diffusion coefficient D is the only remaining fitting parameter.

Fig.6.5.2 shows the fitted density of twin lamellae against the terrace width for
a flux of incoming atoms of 0.04 ML/s along with the experimentally observed
density of twin lamella that have a thickness of one monolayer (i.e. a thickness
of half a unit cell in a direction). For fitting we assumed that the probability
of nucleation in a twinned orientation is purely statistical, i.e. 0.5. The simu-
lated curve fits the experimentally observed density of twin lamellae best for a
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diffusion coefficient D = 7× 10−9cm2s−1 at a growth temperature of 850°C. For
low miscut-angles < 0.7° the density of twin lamella changes only very slightly,
i.e. it corresponds to that on a perfect (100) facet and step edges have negli-
gible influence on their density. In the transition region, i.e. for miscut-angles
0.7◦ < α < 4◦ the density of stacking faults drops by two orders of magnitude. For
high miscut-angles beyond 4° the short terrace width promotes step-flow growth
and the density of twin lamella is negligible. The excellent fit to our experimental
data shows that formation of twin lamella occurs through double positioning and
clearly arises from limited surface diffusion. In a recent paper Baldini et al.[132]
showed that on the (010) plane it is the gallium flux that determines the growth
rate, while the influence of the oxygen flux can be neglected, i.e. growth is limi-
ted by Ga diffusion on the surface. We now may compare the obtained diffusion
coefficient with published experimental data of other Ga based compounds such
as GaAs or GaN. For GaAs values ranging between 1.8 × 10−7cm2s−1 [133] and
7 × 10−7cm2s−1 [134] (at our growth temperature of 850◦C) have been derived
from the study of RHEED oscillations during MBE growth [135] and AFM me-
asurements respectively.[134] In case of GaN only few experimental data have
been published. Brandt et al. find a diffusion coefficient of 5 × 10−14cm2s−1 for
the case of cubic GaN from RHEED studies. [136] This low value is due to an
essentially higher activation energy for surface diffusion (2.48 eV in the case of
GaN) [136] than in GaAs (1.1 eV ).[133] So surface diffusion on (100) β-Ga2O3
during MOVPE growth is two orders of magnitude lower than in GaAs but six
orders of magnitude higher than in GaN. We may estimate the diffusion barrier
Eb from the measured diffusion coefficient as following:

According to basic thermodynamics, the diffusion coefficient D

D = ga2ν (6.5.7)

with g is a geometry factor (here g = 1.14) obtained by averaging over the
different lattice diffusion paths1, and ν the jump frequency given by

ν = ν0 exp
(
− Ed
kbT

)
(6.5.8)

with ν0 being the attempt frequency to overcome the barrier for a jump, which
is in the order of the Debye frequency (here νDebye = 1.80 × 1013Hz ) . From
this we can estimate the diffusion barrier to be Eb = 1.49 eV . This value is
about 1 eV smaller than in the case of GaN epitaxy but about 0.4 eV higher than
for the growth of GaAs The latter holds at least for growth performed without
surfactants. In fact, as discussed in the next section, experiments performed with
In as a surfactant have shown that it reduces the density of stacking faults by
orders of magnitude.[137]

1The geometry factor is given by g =
∑

i

(
dxi

a

)2with dxi being the distances between different
oxygen positions in the lattice and a the lattice constant
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6.6. Chapter summary
In this Chapter we have shown that homoepitaxial layer grown on (100) plane
of β-G2O3suffers from a high amount of twin lamellae. With increasing miscut-
angles toward the [001] direction of the substrate, the density of the twin lamellae
can be reduced and at 6° completely suppressed. At high miscut-angles the gro-
wth mode changes from a two dimensional island growth to a step-flow growth
mode. The formation of twin lamellae is a result of a possible double-positioning
of ad-atoms on the (100) plane in combination with a insufficient surface diffusion
leading to a two dimensional growth mode. By applying rate equation approach
describing island formation on a surface we were able to quantitatively describe
the twin lamellae formation by surface diffusion processes. From these calcula-
tions we were able to estimate the surface diffusion barrier on the (100) β-G2O3
plane to Eb = 1.49 eV .
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7. Surfactant Effect of In in the
Growth of (InxGa1−x)2O3 on the
(100) plane of β-Ga2O3

In the previous chapter it was shown that the formation of twin lamellae are a
result of double positioning of two-dimensional islands that form on terraces due
to limited surface diffusion. To avoid their formation it was mandatory to increase
the substrate miscut-angle to values as high as 6° to the c direction. An alternative
to suppress two-dimensional nucleation is to increase the surface diffusion length
of the ad-atoms. One way to enhance the diffusion length on the surface is to
increase the growth temperature. This is connected with a reduced growth rate
due to an enhanced desorption of ad-atoms and formation of Ga2O which is a
highly volatile sub-oxide.[24], [138] Another way to increase surface diffusion is
the use of surface active species, so called surfactants. Surfactants are species,
that have a low solubility in the growing material, tend to segregate to the surface
during growth and thereby modify the kinetics of ad-atoms at the surface during
epitaxial growth. [139],[140],[141] Copel et al.[140] have shown in the case of
growth of Ge on Si, where Stranksi-Krastanov growth is expected, that absorbed
As or Sb on the Si (001) surface limit the surface diffusion of Ge ad-atoms and
thus suppress the formation of three-dimensional islands. In case of GaN it has
been reported that metals like indium or gallium under certain conditions form
stable bi-layers floating on the surface and enhancing surface diffusion of ad-
atoms through a subsurface channel. A detailed theoretical study by Neugebauer
et al [142] showed by means of density functional theory that in the case of GaN
epitaxy, as an alternative to Ga, indium may be used that also forms a bi-layer
on the surface. This metallic layer reduces the diffusion barrier for Ga ad-atoms
from 0.7 eV (on bare GaN (0001)) to 0.12 eV (on the In ad-layer structure).
Thus, the presence of the In ad-layer significantly enhances the mobility of Ga
ad-atoms. In addition the nitrogen diffuses between the semiconductor surface
and the metallic ad-layer, in the so called Ad-layer Enhanced Lateral Diffusion
(AELD) mode. In the case of GaN this reduces the diffusion barriers for nitrogen
diffusion from 1.3 eV to 0.5 eV, thus enhancing the surface diffusion. The effect
of indium as a surfactant has been proven in a broad range of different systems,
especially in the growth of GaN by MOVPE. [143],[144] This motivated us to
investigate the influence of indium on the growth of β-Ga2O3.
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7.1. Experimental observations
Figure 7.1.1 a) and b) show typical AFM images of substrate surface, characte-
rized by atomic surface steps with a step down direction parallel to the c-axis
of the β-Ga2O3 lattice. The terrace width is 135 nm for the substrate surface
shown in Figure 7.1.1 a) and 20 nm for that shown in image Figure 7.1.1 b). This
corresponds to a miscut values of 0.25° and 1.7° respectively. Figure 7.1.1 c) and
d) show the surface of the layer grown on this substrates at 800°C and a chamber
pressure of 50 mbar. All layers have been grown with Tri-methyl-gallium as a
Gallium precursor and H2O as an oxygen source. The TMIn flux has been chosen
to 100 sccm. In both cases a smooth surface is visible with RMS values of 0.5
nm and 0.2 nm, respectively. Small island are visible in the case of a low miscut-
angle of the substrate. Clear stepped surface are hard to recognize by naked eye in
these images but can be found by Fourier analysis. A Fourier analysis (not shown
here) of the images result in terrace widths of 16 nm for image 7.1.1 c) and 14
nm for the layer shown in image 7.1.1 d). Both values are higher than the typical
terrace width of 5 nm observed, where growth proceeds in the step-flow growth
mode without indium as a surfactant. 7.1.1 e) and f) show typical TEM bright
field images of these layers shown in figure 7.1.1 c) and d), respectively. In both
images the substrate is seen in the bottom of the image. The interface between
the substrate and the layer is marked by the orange dotted line. In the case of
the layer grown on the substrate with the miscut-angle below 1.5°, planar defects
appear as dark lines parallel to the interface. High resolution analysis confirms
that these defects are twin lamella similar to those observed in the layer that were
grown grown without indium. However, as can be seen by naked eye, the density
of these defects is essentially lower than in the case of surfactant free growth at
the same miscut. The layer grown on the substrate with a miscut-angle of about
1.7° towards the [001] direction does not show a single twin lamella within the
field of view.

Table 7.1.1 shows quantitative the density of twin lamella as obtained in the
same way as in section 6. In case of growth on nominal on-axis substrates the
presence of In as a surfactant reduces the defects of almost 2 orders of magnitude.
For the layer grown on substrates with an 1.7° off orientation towards c-direction,
the twin lamellae density can be neglected.

Temperature Dependence Figure 7.1.2 shows the comparison of the sub-
strate surface and the epitaxial layer grown on them. The substrate exhibits a
terrace width of 320 nm and 18 nm corresponding to miscut-angles towards the
c-direction of 0.1° and 1.9°,respectively. Figure 7.1.2 c) and d) show the layer
grown on these substrates at an increased temperature of 850°C . The chamber
pressure is set to 50 mbar. In case of growth on the substrate with an miscut-
angle of 0.1° we observe a patch like surface morphology, similar to that observed
in layers grown without indium. In the case of the layer grown on the substrate
with 1.9° we observe a stepped surface with terrace width of up to 70 nm. On
these terraces the formation of small 2D island is visible as marked in the image.
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Figure 7.1.1.: a), b), c) and d) typical AFM images from (100) oriented β-Ga2O3
substrates and the corresponding layer grown at 800°C with an
additional flux of TMIn, respectively. e) and f) cross sectional
TEM bright field images of the corresponding layer.
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Figure 7.1.2.: a), b), c) and d) typical AFM images from (100) oriented β-Ga2O3
substrates and the corresponding layer grown at 850°C with an
additional flux of TMIn, respectively. e) and f) cross sectional
TEM bright field images of the corresponding layer.
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terrace width [nm] miscut-angle [◦ ] twin density [cm−3]

136 0.25 3× 1015

20 1.7 ∼ 0

Table 7.1.1.: Typical twin densities estimated from TEM in dependence of the
substrate miscut-angle and the terrace width.

terrace width [nm] miscut-angle [◦ ] twin density [cm−3]

320 0.1 1.2× 1016

18 1.9 1.8× 1015

Table 7.1.2.: Typical twin densities estimated from TEM in dependence of the
substrate miscut-angle and the terrace width of layer grown at
850°C.

Figure 7.1.2 e) and f) showing TEM bright-field image of the the layer. In the
bottom part the substrate is visible, which is defect free. The interface between
the layer and the substrate is marked by the dotted orange line. In the case
of a small miscut-angle of 0.1° we observe a high density of twin lamella with
a concentration of 1.2 × 1016cm−3,which is still one order of magnitude lower
than without indium. In the case of a miscut-angle of 1.9° still some twin are
observable but with a reduced density of 1.8× 1015cm−3.
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Figure 7.1.3.: Typical AFM images from (100) oriented β-Ga2O3 substrates and
the corresponding layer grown at 800°C with an additional flux of
TMIn.

Pressure dependence Figure 7.1.3 shows typical AFM images of substrates and
the corresponding grown layer grown at different chamber pressures of 50 mbar
and 5 mbar. All layer have been grown at 800°C providing an additional indium
flux of 150 sccm. The terrace width of the substrates is in both cases about 35
nm corresponding to a miscut-angle of about 1°. In the case of growth at 50 mbar
the growth proceeds in perfect step-flow mode reproducing the terrace width and
orientation of the substrate. The reduction of the growth pressure to 5 mbar,
however changes the surface morphology. Instead of step-flow growth, 2D islands
nucleate on the terraces. The overall terrace structure however is kept.

7.2. Discussion
To discuss the observed results we will first summarize the main experimental
observations.

i) In case of homoepitaxial on (100) plane layer grown without Ar/TMIn flux
show 2D island growth and the presence of twins lamellae in the layer.
When increasing the Ar/TMIn flux to >50 sccm the layer grows in step-
flow mode.

ii) The stacking fault density of pure β-Ga2O3 and (Ga1−xInx)2O3 decreased
in both cases with increasing miscut-angle. In the case of (Ga1−xInx)2O3 a
miscut-angle of about 1.5° was sufficient to suppress defect formation.

iii) The reduction in twin density is temperature dependent; at 850°C a reap-
pearance of defects is observed.
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iv) The step-flow growth is directly dependent on the chamber pressure, i.e.
with decreasing the pressure from 50 mbar to 5 mbar a transition from
step-flow to 2D nucleation growth is observed.

We will in the following discuss the influence of the indium on the growth in the
framework of a surfactant, which segregates to the surface during growth and
forms a floating film. We will start our consideration with the thermodynamics
of the growth atmosphere to show under which conditions liquid indium could be
stabilized in the growth chamber when adding tri-methyl-indium (TMIn) to the
growth atmosphere in addition to tri-methyl-gallium and H2O. All calculations
have been performed by the FactSage software. These thermodynamic calcula-
tions have been performed for the thermodynamic equilibrium conditions of the
growth atmosphere in the reactor. As growth atmosphere a mixture of Ga2O3
(s), In2O3 (s) as indium and gallium source, H2O (g) as oxidant, Ar (g) as the
carrier gas and CH4 to simulate the influence of the decomposition products of
the metal-organic precursors, has been used.

Figure 7.2.1.: Thermodynamic calculations of the species present in the cham-
ber at thermodynamic equilibrium. For simplicity only the most
relevant indium containing species are shown.

Figure 7.2.1 a) shows the most relevant indium related species in the growth
chamber at a pressure of 50 mbar in the growth relevant temperature range bet-
ween 600°C and 1000°C. These species are solid In2O, gaseous indium sub-oxide
In2O and liquid indium. Other reaction products are at very low concentrations
and not shown in the figure (out of scale). The amount of solid In2O3 decre-
ases with increasing temperature and vanishes roughly at 850°C. This decrease
is related to an increase in liquid indium in the reactor up to a temperature of
about 750°C. Above this temperature the amount of liquid indium decreases and
vanishes at about 875°C. The reason for the decrease of solid indium and liquid
indium in the temperature range between 750°C and 875°C, is an increase in
volatile gaseous indium sub-oxide In2O. Figure 7.2.1 b) shows the pressure de-
pendence of the amount of reaction products in the growth chamber. The amount
of solid indium oxide decreases with decreasing chamber pressure by an increased
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formation of volatile indium sub-oxide. The amount of liquid indium is even more
pressure dependent, i.e. below 15 mbar the liquid indium vanishes completely.

In the case of growth of β-(Ga1−xInx)2O3 the thermodynamic calculations show
that a high concentration of liquid indium in the growth chamber is formed, which
forms a wetting layer. The appearance of the liquid indium is in good agreement
with the experimental observed growth window. At low pressure values (P ∼ 5
mbar) or too high temperatures no wetting layer is formed because of the high
In vapor pressure, so that no beneficial effect due to TMIn is observed. On the
other hand, in the case pressure is set at higher values and the temperature is
kept below 825◦C, In tends to wet the growing surface, increases the diffusion
length of the growing species and thereby promotes step-flow growth.

Figure 7.2.2.: Experimental twin lamella densities per monolayer growth in de-
pendence of the terrace width and the fitted curve to these expe-
rimental data, for the growth at 800°C (red) and 850°C (green)
when an additional indium flux was provided. The simulati-
ons were performed 800°C and 850°C with diffusion coefficients
D = 1.94× 10−5cm2s−1 and D = 3.35× 10−6cm2s−1, respectively.

Quantification of the surfactant effect Figure 7.2.2 shows the experimental
values for twin lamella densities as obtained from TEM investigations together
with the simulated densities. As seen before at 850°C (+ and green dashed line)
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the observed densities are much higher than for 800°C (x and green dashed line).
Our best fit to the experimental data for samples grown at 850°C yields a diffusion
coefficient of D = 3.35× 10−6cm2s−1. For layers grown at lower temperature, i.e.
800°C, a diffusion coefficient of D = 1.94 × 10−5cm2s−1 is obtained, which is by
one order of magnitude higher than at 850°C. If we compared it, however, to the
diffusion coefficient (at 850°C) without additional indium, it is about 4 orders of
magnitude higher. Using a similar approach as in section 6.5 we estimate the the
surface diffusion barrier to Eb(800°C) = 0.73 eV and Eb(850°C) = 0.9 eV, which is
0.75 and 0.59 eV lower than without additional indium as a surfactant. While it
might appear counter-intuitive that the diffusion coefficient at higher temperature
is lower than at lower temperature, we explain this effect by the higher degree of
In evaporation which might hamper at least partially the surfactant effect of In.

7.3. Chapter summary
In summary we have shown that an additional flux of Indium is beneficial for
the growth of β-Ga2O3. The amount of twin lamellae can be reduced and even
completely suppressed for substrates with miscut-angles of about 1.5° towards
the [001] direction. Thermodynamic calculations indicate that liquid indium is
present at the growth surface and enhances the surface diffusion of the Ga ad-
atoms. Calculations by rate equations show that the diffusion coefficient can
be increased by 4 orders of magnitude, which correspond to an decrease in the
surface diffusion barrier of 0.75 eV.
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8. Summary and conclusions
In this work we have investigated the growth of Ga2O3 by means of transmission
electron microscopy. We first briefly investigated the heteroepitaxial growth by
MBE, PLD and MOVPE on (0001) oriented of sapphire substrates.The majority
of this thesis dealt with homoepitaxial growth of β-Ga2O3 on (100) oriented native
substrates. Our studies have revealed the following main results:

epitaxial stabilization of α-Ga2O3 on (0001) α-Al2O3 Heteroepitaxial growth
of β-Ga2O3 on (0001) plane of sapphire leads, independent of the growth met-
hod, to the formation of a 3 monolayer thick α-Ga2O3 layer. Above this critical
thickness the layer relaxes and growth proceeds as textured β-Ga2O3, compo-
sed of rotational domains. The stabilization of this thin α-Ga2O3 layer occurs
through strain, which is a result of the lattice mismatch between sapphire and
α-Ga2O3

STEM HAADF imaging revealed a 3 monolayer thick interlayer between the
α-Al2O3 substrate and the β-Ga2O3 layer. This interlayer was present indepen-
dently on the growth method (MBE, PLD and MOVPE) used. STEM image
simulations showed that the interlayer is Ga2O3 in the meta-stable α modifica-
tion. Investigations by TEM showed that these α-Ga2O3 layers are coherently
grown on the α-Al2O3 substrate. Geometrical phase analysis (GPA) revealed an
out of plane strain of 3.2% in the pseudomorphic α-Ga2O3 layer. After these 3
monolayers the β-Ga2O3 growth completely relaxed and forms a coincidence site
lattice. The stabilization of the meta-stable α-Ga2O3 can be explained by the
epitaxial stabilization induced by the strain due to the in plane lattice mismatch
between the sapphire substrate and the α-Ga2O3. Up to now, no band offsets
between have been reported. However, the coherent growth of well-defined he-
terostructures between semiconducting α-Ga2O3 and insulating α-Al2O3 (0001)
may offer a number of interesting applications in the field of two-dimensional
electron gases and inter-subband devices. The huge difference in band gap bet-
ween sapphire (8.8 eV) and α-Ga2O3 (5 eV) holds the promise for inter-subband
transitions in the range of telecommunication wavelengths (1.5µm) accessible now
exclusively using AlN/GaN heterostructures. [118] However, a detailed study of
band gaps and band offsets is required.

Precursor dependence of the homoepitaxial growth on (100) plane β-Ga2O3
by MOVPE In case of homoepitaxial growth by MOVPE on (100) oriented β-
Ga2O3, the crystalline quality of the grown layer strongly depends on the used
precursors, i.e. tri-methyl-gallium (TMGa), tri-ethyl-gallium (TEGa), H2O and
O, which severely affect chemical processes occurring at the surface. In case
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of growth with tri-methyl-gallium we found that growth with pure oxygen, no
closed homoepitaxial layer could be grown on the (100) plane of β-Ga2O, only
small whiskers formed on this surface. When growth with tri-methyl-gallium
and H2O was performed smooth single crystalline layer were formed. Based on
thermodynamic simulations of the growth atmosphere, for growth with TMGa,
we were able to explain this behavior by the catalytic activity of the (100) plane
of β-Ga2O3. In the dry atmosphere the formation of carbonate species on the
surface led to a masking effect which prohibits smooth epitaxial growth. In case of
a wet surface the reaction mechanism change and the surface is characterized by
a high amount of oxygen vacancies due to the additional hydrogen in the growth
atmosphere. This alters the surface reactions and suppresses the formation of
stable carbonate species at the growth surface and thus enables epitaxial growth.
When growth is performed with tri-ethyl-gallium growth with water as oxygen
source did not led to any growth, while in the case of growth with pure oxygen
smooth single crystalline layer are formed. This difference can be explained by
the different thermal decomposition pathways of the metal precursors, and thus
different chemical pre-reactions in the growth chamber.

Microscopic Structure of homoepitaxial β-Ga2O3 layer Homoepitaxial grown
layers on (100) oriented β-Ga2O3 suffer from a high amount of planar defects.
High resolution STEM HAADF investigations showed that these defects are twin
lamellae resulting from a c/2 glide reflection on the a-plane of β-Ga2O3. These
twin lamellae showed a coherent boundary on the a plane but formed incoherent
boundaries on the c-plane, and thus are relevant for the electrical properties of the
homoepitaxial layers. The twin lamella density in this layers depends strongly
on the miscut-angle of the substrates. Layers grown on substrates with small
miscut-angles (< 2° at a growth temperature < 850°C) show high amount of
twin lamella. By studying the influence of miscut angles up to 6° towards the
c-direction from the surface normal of the a-plane we find that with increasing
miscut from 2° to 6° the surface morphology changes from a 2-dimensional island
growth mode to a perfect step-flow growth mode. TEM investigation showed that
with increasing miscut also the density of twin lamellae in the layer decrease, and
vanish at 6°, where step-flow growth is observed. The formation of these twin
lamellae is a result of:

(i) a possible double positioning of ad-atoms on these plane, thus a possible
twinning on these plane

and
(ii) an insufficient surface diffusion of the ad-atoms leading to a 2-d island nu-

cleation growth

By applying a rate equation approach describing the nucleation densities of
ad-atoms on a growth surface we were able to quantitatively describe our expe-
rimental findings. From this model we estimated the surface diffusion barrier for
the surface diffusion of Ga ad-atoms to be as high as Eb = 1.49 eV. This value is
about 1 eV smaller than in the case of GaN [136] epitaxy but about 0.4 eV higher
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than for the growth of GaAs [133].

Surfactant Effect of In in the Growth of (InxGa1−x)2O3 on the (100) plane of
β-Ga2O3 In case of growth of (InxGa1−x)2O3 an additional flux of tri-methyl-
indium (TMIn) leads to an improved crystalline perfection of the β-Ga2O3 layer,
by a reduction of the density of twin lamellae. In the case of growth at 800°C
and a chamber pressure of 50 mbar, we observe a perfect step-flow growth mode
by AFM even for substrates with a miscut angle of only 1.5° towards the c-
direction of the substrate. TEM investigation showed no presence of twin lamellae
in these samples. For layer grown on substrates with lower miscut angles twin
lamellae where formed but in strongly decreased amount. A temperature increase
to 850° resulted in an appearance of twin lamellae as well as an reduction in
the chamber pressure from 50 mbar to 5 mbar. Thermodynamic calculations of
the growth atmosphere showed that at 800°C and 50 mbar we observe a high
amount of liquid indium in the growth chamber. The amount of liquid indium is
strongly dependent on the pressure (decreases with decreasing pressure through
evaporation) and on the temperature (decreases with increasing temperature).
We thus explain the reduction of twin lamella by the formation of a liquid indium
layer on top of the growth surface, acting as an surfactant during growth, by
increasing the surface mobility of ad-atoms during growth. Evaluation by a rate
equation approach indicating that this indium ad-layer is reducing the surface
diffusion barrier by 0.75 eV at 800°C.
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A. Implementation of rate
equations

Here we will give a brief example of the source code implemented for the com-
putation of the island densities by the rate equation approach as discussed in
section 6.5. The source code has been written and executed with Python 3.5.

Following Bales et al.[129], to integrating the rate equations (eq.6.5.1 and
eq.6.5.6) at every time step the nonlinear equations (6.5.2, 6.5.5, 6.5.4 and 6.5.3)
have to be solved self consistently. The nonlinear algebraic system for the values:

• ξ the mean distance a monomer travels before colliding with an island or
another ad-atom

• χ describing the loss of monomers to the steps

• ζ is the average distance a monomer travels before attaching to an island/ad-
atom or a step

• σscapture numbers

has been implemented as AE:
sol[0]
sol[1]
sol[2]

sol[3 : s+ 3]

 =


ξ
χ
ζ
σ1..s


This function expects the parameter x as the start value, n as the actual island

densities obtained in the last integration step of the differential equation system,
DF as the ratio between the diffusion parameter and the Flux F , l the terrace
width, k the size correction depending on the fractal size of the islands df , s
the maximal island size and the generation rate γ of ad-atoms on the uncovered
surface of atoms. The algebraic system was solved with algebraic system solver
“fsolve” from the scipy library. The rate equations have been implemented as the
differential equation system DGL:

(
F [0]

F [1 .. s+ 1]

)
=
(

1
F
d〈n1〉
dt

1
F
d〈ns〉
dt

)
=
(

γ − D
F
ξ−2〈n1〉 − D

F
χ〈n1〉 − k1〈n1〉 −

∑∞
s=1 ks〈ns〉

D
F
σs−1〈n1〉〈ns−1〉 − D

F
σs〈n1〉〈ns〉+ ks−1〈ns−1〉 − ks〈ns〉

)
with ξ−2 = 2σ1〈n1〉+∑∞

s=2 σs〈ns〉.
This function expects the parameter y as the start value, t as time steps , DF

as the ratio between the diffusion parameter and the Flux F , l the terrace width,
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k the size correction depending on the fractal size of the islands df , s the maximal
island size and and the Flux F .

The differential equation system has been integrated by the odeint function
from the scipy library. The odeint function solves a system of ordinary differential
equations using lsoda from the FORTRAN library odepack.
A minimal source code example is giving below. Depending on the external
parameters of the diffusion parameter D, the flux F, the terrace with l and the
fractal island size df it will solve the rate equation and plot the island density Nx

as a function of the coverage θ. As intrinsic parameters one can choose different
maximal island sizes s (manly influences the computational time; for realistic
processes should be of the order of 103), the critical island size icrit and the time
steps indicated by time. As libraries one has to load numpy for numpy arrays,
math for pi, scipy.special for the besselfunctions, from scipy.integrate the odeint
function for the integration of the differential equation system, fromscipy.optimize
the fsolve function for solving the nonlinear algebraic system and from matplotlib
the pyplot function for plotting the results.
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1 import numpy as np
2 from scipy.integrate import odeint
3 import math
4 from scipy.optimize import fsolve
5 import scipy.special
6 import matplotlib.pyplot as plt
7

8

9 #==============================================================================
10 #lattice paramer
11 a = 1.221400
12 c = 0.579810; #nm
13 #==============================================================================
14

15 #extrinsic parameter
16 D = 8e9 # diffusion constant in b*c
17 F = 0.024583333/(a/2) # flux (layer s-1)
18

19

20 d_f = 2 # fractal size of islands
21

22 l = 500 # terrace width
23 #intrinsic parameter
24 s = 10 # max islandsize in atomes
25 i_crit = 1 # critical clustersize
26 time = np.linspace(0,1,1000) # timespan
27

28 D_F = D/F
29 k = np.arange(1,s+1)**(2/d_f) # island size correction
30

31 x0 = np.ones(s+3) # start value solving algebraic system
32

33

34

35 solf = np.zeros(s+3)
36 Fun = np.zeros(s)
37

38

39

40 #defining algebraic system
41

42 def AE(x,n,D_F,l,k,d_f,s,gamma):
43 y = n
44 sol = np.zeros(s+3)
45

46 temp1 = np.dot(x[3:s+3],y)
47 temp2 = R/x[2]
48 temp3 = 2*math.pi/gamma
49 temp4 = np.tanh(l/(2*x[0]))
50 temp5 = scipy.special.k1(temp2)
51 temp6 = scipy.special.k0(temp2)
52

53

54 sol[0] = x[0]**(-2)-(2*x[3]*y[0]+temp1+D_F**(-1)*k[0])
55 sol[1] = x[1]-temp4/(x[0]**2*(l/(2*x[0])-temp4))

121



A. Implementation of rate equations

56 sol[2] = x[2]**(-2)-(x[0]**(-2)+x[1])
57 sol[3:s+3] = x[3:s+3]-temp3*temp2*temp5/temp6
58

59 return sol
60

61 # defining differential equation sytem
62 def DGL(y,t,D_F,l,k,d_f,s,F):
63

64

65 gamma = math.exp(F*t) # coverage correction
66 n = y
67 solf = fsolve(AE,x0,args=(n,D_F,l,k,d_f,s,gamma)) #solveing AE
68 sig = solf[3:s+3] # sigma from AE
69 Dx = D*(solf[1]) # Dx from AE
70

71 #differential equations
72

73 temp_a = 2*D_F*sig[0]*y[0]**2
74 temp_b = np.dot(sig[1:],y[1:])
75 temp_c = np.dot(k,y)
76

77 Fun[0] = gamma- temp_a - D_F * y[0]*temp_b -k[0]*y[0] - temp_c -Dx/F*y[0]
78

79 # loop for all equations ns
80 for i in range(1,s-1):
81 Fun[i] = D_F*sig[i-1]*y[0]*y[i-1]+k[i-1]*y[i-1]\
82 -D_F*sig[i]*y[0]*y[i]-k[i]*y[i]
83

84 Fun[s-1] = D_F*sig[i-1]*y[0]*y[i-1]+k[i-1]*y[i-1]
85

86 return Fun
87

88

89

90 yinit = np.zeros(s) # startvalues ODE
91

92

93 # start integration of ODE
94 y = odeint(DGL,yinit,time,args=(D_F,l,k,d_f,s,F))
95

96

97 # calculating total nucleation densities N
98 Nx = np.zeros(np.shape(y)[0])
99

100

101 for i in range (0,np.shape(y)[0]):
102 Nx[i] = sum(number for number in y[i,i_crit:] if number > 0)
103

104

105

106 plt.plot(time,log(Nx))
107 plt.ylabel('total island density (log)')
108 plt.xlabel('coverage')
109 plt.show()
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